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The plant alkaloids constitute a group of nitrogenous substances which 
possess great interest for the organic chemist because of their intrieate 
molecular structure and for the pharmacologist because of the extraordinary 
physiological effects that many of them exert when introduced into the ani- 
mal body. It is a regrettable fact, however, that so little is known of their 
physiological functions and of the mechanisms by which they are synthe- 
sized within the plant cell. Concerning these problems, the lack of an 
obvious experimental approach has led to extensive speculation. For in- 
stance, PicTeT, who first synthesized nicotine, assumed that the alkaloids 
may represent degradation products of proteins, nucleic acids, and chloro- 
phyll (35). The great Justus von Liesic implied their use as substitutes 
for the mineral bases within the plant body when he developed his ‘‘ mineral 
theory’’ (3,26). The most prevalent view at the present time has been well 
expressed by CROMWELL (5) and by Vickery (42). This hypothesis holds 
that the alkaloids represent by-products of nitrogen metabolism in whieh 
irreversible reactions are involved and that they differ from the end-prod- 
ucts of nitrogen metabolism in animals by their retention within the body of 
the organism. 

Within the past decade a serious attempt has been made to ascertain the 
nature of nicotine production in the tobacco plant. Several factors have 
contributed to this choice, but the most important have undoubtedly been the 
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worldwide use of nicotine as a mild narcotic and the relative ease with which 
the alkaloid may be quantitatively assayed. From these investigations cer- 


1 The ninth STEPHEN HALEs Address. 1945. 
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tain well-defined concepts have been developed concerning 1) the locus of 
nicotine synthesis, 2) the extent of translocation, and 3) the nature of nico- 
tine accumulation in the growing plant body (9, 14, 19, 32). It has seemed 
worthwhile to retrace here the development of these concepts in order to call 
attention to the important new opportunities which they provide for basic 
research in the physiological chemistry of nicotine in particular and of the 
plant alkaloids in general. 


Distribution of nicotine in the growing plant 


The very excellent work of Vickery and his collaborators (43, 45) has 
provided a picture of the accumulation of nicotine in the leaf and stem of 
the tobacco plant during its growth and developmental stages. The general 
pattern of accumulation begins with the seedling, nine to eleven days after 
germination, for the mature tobacco seed does not contain detectable quanti- 
ties of the alkaloid. When the young plants have attained transplanting 
size, the differential nature of alkaloid distribution within the plant body 
has already become apparent. That is, nicotine is present in appreciable 
quantities in both root and stem, but by far the greatest proportion resides 
in the leaves. Furthermore, the proportion of the total nicotine of the plant 
to be found in the leaves throughout most of the period of growth (45) re- 
mains within the extremely limited range of 85 to 88 per cent. As VICKERY 
has pointed out, ‘‘The constancy of the proportion in the leaves is remark- 
able in view of the rapidly changing relative proportions of leaf and stem 
tissue as the plant grows, and raises an interesting question with regard to 
the kind of cells that are capable of synthesizing nicotine.’’ It is also of 
interest to note that the most rapid rate of overall nicotine accumulation 
may occur at a time in the life of the plant when growth in terms of dry 
weight increase has all but ceased (45). Clearly, therefore, nicotine accumu- 
lation, in the aerial organs at least, is not directly associated with the growth 
processes of the tobacco plant. This conclusion has, indeed, already been 
expressed by Morues (31). As Vickery has suggested, the interpretation 
of these and of other aspects of nicotine accumulation in tobacco, particu- 
larly the quantitative relationship between nicotine nitrogen and total nitro- 
gen in the leaf, is difficult ‘‘in view of our ignorance of the exact position of 
nicotine in the scheme of nitrogen metabolism in the tobacco plant.’’ 

Certainly, one of the important contributions of VicKERy and his associ- 
ates lies in their emphasis upon the lack of information concerning the ‘‘ kind 
of cells,’’ that is, the exact locus or loci within the plant body where nico- 
tine formation can occur. Hence it becomes apparent that the dilemma of 
interpretation can be dispelled only by going back to some more fundamental 
problems among which is the ultimate origin of nicotine. 


The locus of nicotine formation 


The first extensive physiological investigation of nicotine formation in 
tobacco was carried out by Motues (31). Working within the framework 
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of older suppositions concerning the in situ nature of alkaloid synthesis and 
the doctrine of phloem-transport of organic compounds, MorHes attempted 
to alter or to block nicotine formation by manipulations of the environment 
of the plant. He found the process of nicotine accumulation to be an 
extremely stubborn object for experimentation. So long as the leaf was 
attached to the growing plant, it continued to acquire nicotine even under 
such drastic conditions as nitrogen deprivation and carbohydrate starvation. 
No appreciable transport of alkaloid from the leaf could be detected. It 
seems reasonable to conclude, therefore, that the nicotine metabolism of the 
tobacco leaf is characterized by a ponderous stability and that the usual 
methods of physiological experimentation can not be expected to yield infor- 
mation of much value. 

The methodology of experimental morphology would seem to offer more 
promise. It has been noted above that as long as the tobacco leaf is attached 
to the growing plant, nicotine accumulates regardless of environmental 
cireumstances. MOoTHEsS observed, however, that excised leaves ceased im- 
mediately to acquire the alkaloid in spite of the nature of their subsequent 
treatment. This phenomenon of accumulation interrupted by excision has, 
of course, long been known to occur in tobacco leaves which are stripped 
from the plant preparatory to processing for commercial use. The work of 
Morues and the researches of VICKERY and PucueEr (44, 46) on the chemical 
changes that occur in excised leaves during culture under a wide variety of 
conditions have, nevertheless, brought into bold relief the simple fact that 
organic connection between leaf and plant is necessary to continued inerease 
in the nicotine content of the leaf. 

In logical continuation of this observation, the following points have been 
experimentally established. First, when tobacco shoots are excised and cul- 
tured in water, they, likewise, cease at once to accumulate nicotine (7). See- 
ondly, if segments of tobacco stems are excised and placed in moist chambers, 
they send out lateral branches which are nicotine free (10). Thirdly, ex- 
cised segments of tobacco stems placed in moist chambers also produce callous 
tissue at their basal surfaces. This callous tissue contains no alkaloid (10). 
Fourthly, the callous tissue that develops on the cut ends of the petioles of 
excised leaves held in moist chambers contains nicotine, but this nicotine is 
transported from the leaf blade and hence does not lead to an increase in 
the total amount of alkaloid in the leaf (unpublished data). Finally, nico- 
tine does accumulate in extraordinarily large amounts in excised leaves that 
have been rooted in sand (9). Asa result of these experiments, it is possible 
to conclude that not only is an organic connection between leaf and plant 
necessary for continued alkaloid accumulation, but also the plants (or the 
leaf) must bear roots. Consequently, it becomes necessary to look to the 
root for the source of nicotine or of its precursor (s) 

NATH in India (33) and BerRNArpDINI in Italy (1) were among the first 
to report the remarkable results to be obtained by grafting tobacco upon 


tomato. These authors observed a great decrease in the concentration of 
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nicotine in the leaves of the tobacco scions. NatH reported the equally inter- 
esting observation that the reciprocal graft (i.e., tomato scion on tobacco 
stock) accumulated nicotine in both stock and scion. A year later HASEGAWA 
(18) confirmed these results. Subsequently, EvrusHenKo (15), KusMENKo 
and TikHvinsKayYa (25), Samuck (37), Somuck, Smirnov and Inyin (39), 
and SHMUCK, Kostorr, and Borozpina (38) brought forth extensive con- 
firmation based upon grafts of tobacco with tomato and with a variety of 
other species. The experimental data collected by these investigators, fortu- 
nately, were characterized by more agreement than were the interpretations 
applied to them. The earlier report by Natu and the observations of BErR- 
NARDINI and HASEGAWA were based upon data too meager to permit more 
than speculation concerning their significance. It is difficult to understand, 
however, why the far more extensive and well planned work of SHMuck and 
his colleagues was regarded by them to support the mystical notion of 
KRENKE (24) concerning the release of ‘‘hidden properties’’ within the 
scions under the influence of ‘‘new developmental conditions.’’ SHmMuUcK 
definitely discounted the possibility of translocation of the alkaloid from 
root to shoot (38, 39). 

More recent investigations (10) have considerably simplified the problem 
of interpretation. Tobacco stocks and scions were defoliated and cut as 
short as possible in order to reduce materially their initial content of nico- 
tine. They were then reciprocally grafted with tomato. The tobacco leaves 
that subsequently developed upon tomato stocks were nicotine-free with the 
exception of the lowermost, which contained traces of the alkaloid. From 
the upper stem and the inflorescence of the tobacco scion there was isolated 
a base which could be determined as ‘‘nicotine’’ by the usual silicotungstic 
acid precipitation but which was not identical with this alkaloid. On the 
other hand, nicotine did accumulate extensively in tomato scions grown upon 
tobacco stocks. Such accumulation was greatest in the lower and older 
leaves, and extensive injury occurred to the tissues of these leaves. One of 
the most interesting observations, however, in connection with the problem 
of the origin of nicotine is found in the sectoral nature of nicotine accumu- 
lation in the tomato component of approach grafts of tobacco with tomato 
(10). Such a response could indicate only an upward transport of nicotine 
through the xylem. This view was confirmed by the isolation of nicotine 
from the sap that bleeds from the cut stumps of decapitated tobacco plants. 
The latter observation, likewise, demonstrated that it is nicotine itself that 
is transported to the leaf and not some precursor which can be converted to 
nicotine once it has reached the leaf cells. These findings have since been 
confirmed completely by the work of Morues and Hrexe (32) and in large 
part by the subsequent report of Pan and Natu (34). 

To recapitulate, the evidence obtained from excised organs and from 
reciprocal grafts with non-alkaloid producing species has shown that nico- 
tine is not produced in situ in the leaf and stem of the tobacco plant but 
rather is translocated to these organs there to accumulate. 
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The next question, of course, concerns the actual locus of the nicotine 
synthetic mechanism within the plant body. The absence of nicotine in 
tobacco stems and leaves when grafted close to the roots of tomato stocks 
obviously suggests that the alkaloid is formed only in the roots of the tobacco 
plant. Final proof for the correctness of this view was obtained when nico- 
tine was isolated from both the tissues and the spent culture fluids of excised 
tobacco roots in sterile culture (11). 

Many heretofore unexplained characteristics of nicotine content in to- 
bacco now seem susceptible of interpretation. Among these may be men- 
tioned the differential nature of alkaloid accumulation in leaves and stems 
during growth (45) ; the extensive enrichment of the leaves of topped tobacco 
plants with respect to nicotine ; the low nicotine content of the rapidly grown 
sucker or ratoon crop (30) ; the abrupt termination of alkaloid accumulation 
in excised tobacco leaves and shoots; and the difficulty encountered by 
MorHEs in his experiments with respect to altering the nicotine content of 
the leaves of intact plants by manipulating those environmental factors 
which influence principally the aerial shoot. 


The extent and nature of nicotine transport 


Evidence was presented in the preceding section to show that nicotine is 
translocated from root to shoot and that the pathway for at least the bulk 
of such transport is undoubtedly the xylem. It would seem reasonable to 
assume, therefore, that an examination of the distribution of the alkaloid in 
various parts of the stem and in leaves at different levels on the stem might 
reveal the major currents of such transport. Mores (31) reported, and 
indeed general experience shows, that in the absence of senescent changes the 
total nicotine content per leaf decreases with increase in height of the leaf 
position on the stalk. That is, so long as they remain anabolically active, 
the older leaves contain the greatest quantities of alkaloid. The distribution 
of nicotine in the stems has also been examined (9). In this ease, the great- 
est accumulation of the alkaloid is found in the cortex, although the pith and 
xylem contain appreciable amounts. Taking into consideration the addi- 
tional fact that by far the greater proportion of the total nicotine of the 
aerial shoot is located in the leaves, it at once becomes apparent that the 
patterns of nicotine distribution within the shoot are identical, at least quali- 
tatively, with what might be expected if the alkaloid were translocated in the 
transpiration stream. To state the matter in another way, the alkaloid can 
be considered to accumulate in the different regions of the shoot in propor- 
tion to the anticipated temporal duration and relative intensity of their 
transpirational losses. Based upon this viewpoint, a flow-diagram of nico- 
tine transport and deposition within the plant body may be constructed with 
interesting results. It may be noted that such a diagram predicts the differ- 
ential character of nicotine distribution in the tobacco leaf as determined 
experimentally by CIcERONE and Maroccui (4). : 

At this point it seems desirable to raise the question of the state in which 
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nicotine oceurs in the cells and cell fluids. In the above discussion, it has 
been assumed that the sole forces governing nicotine distribution within the 
plant body are diffusion and transpiration. If, however, nicotine were to 
associate electively in salt formation with any particular acidic substance or 
substances and this were to be followed by the appearance of a solid phase, 
then it might be expected that the foregoing interpretation of the nature of 
nicotine accumulation would be considerably in error. Almost without ex- 
ception, texts and reference books contain the statement that nicotine is 
found in tobacco leaves as the salt of malic and citric acids. Now, the alka- 
loid is a relatively feeble di-acid base (20) and would be expected to undergo 
salt formation readily. In the very low concentration in which it oceurs in 
the leaf tissue fluids (0.012 molar or approximately 0.20 per cent. in the 
experiments of Vickery and Pucuer (45) at the 75-day collection), it is not 
likely that precipitation of nicotine as the salt of an organic acid would take 
place. On the contrary, since most of the salts of nicotine are readily solu- 
ble in water, it is far more likely that the alkaloid exists in the living cell in 
a complex series of equilibria with negatively charged particles any and 
all of which may undergo extensive changes in relative concentration with 
drift in time and in metabolic activity. Therefore, nicotine cannot be said 
to associate electively with any one or two acids but must be thought of as 
entering into the general buffering system of the plant cell. Indeed, to the 
limited extent that its low concentration in terms of normality in the cell 
sap permits, it may be said that its chemical properties demand recognition 
of such a function for this alkaloid in tobacco physiology. 


The nature of the nicotine synthetic process 


As an approach to the highly interesting but largely undocumented sub- 
ject of the intermediary metabolism of nicotine, it is necessary to observe 
that the localization of the synthetic mechanism with respect to specific tis- 
sues or developmental zones within the tobacco root has not yet been investi- 
gated. Likewise, information concerning the nature of the environmental 
factors which can influence the rate of synthesis is meager and often con- 
flicting. It seems fairly certain, however, that the extent of accumulation 
in the leaf and presumably, therefore, the overall rate of production by the 
root can be increased by growing the plants in a heavy soil as contrasted with 
a light soil (private communication), in a dry soil as compared with a moist 
soil (6), and by topping and suckering the plants during the growth period 
(30). Interpretation of these results is greatly complicated by the lack of 
suitable data on concomitant shifts in root-shoot ratio. The same may be 
said of the results obtained from the application of nitrogenous fertilizers 
(31). 

Evidence has been obtained (45) which indicates that nicotine disap- 
pears as such during the profound redistribution of metabolites that occurs 
within the plant body following the onset of sexual reproduction. In the 
last stages of growth, therefore, the rate of nicotine accumulation in the 
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plant as a whole is determined by the progressive difference between the rate 
of synthesis and the rate of utilization or breakdown. This differential is 
probably augmented by a simultaneous diversion of the carbohydrate output 
of the leaves from root to inflorescence. Indeed, many observations (unpub- 
lished) point to the necessity of continued and adequate supplies of carbo- 
hydrates in maintaining maximum rates of nicotine output by the roots. In 
this connection, the remarkable changes that take place as a result of topping 
tobacco plants during the growth period are of interest. In such eases, there 
are no reproductive structures or fruits to monopolize the food supply. The 
result is that the leaves become greatly enlarged due to abnormal increases 
in the size of the parenchymatous cells (49). Associated with this change 
is usually a very considerable increase in alkaloid concentration (30). The 
magnitude of such increase seems to be greater than would be expected on 
the basis of an increase in the root-shoot ratio alone. - 

Aside from circumstantial evidence concerning the necessity of ample 
supplies of carbohydrate, nothing is known concerning the influence of tem- 
perature, oxygen tension, nitrogen supply, and similar variables on the 
absolute rate of nicotine synthesis in the roots. This field obviously provides 
much opportunity for future research. 

In connection with the identification of possible intermediates in alkaloid 
synthesis, TrrErR (48) has suggested a purely hypothetical and rather im- 
probable scheme which would yield the basic ring structure of nicotine by 
the simultaneous oxidative decarboxylation of proline and nicotinic acid. 
Ker and LINser (23) have published data to show that excised tobacco 
leaves can make nicotine from proline alone. Gorter (17) repeated these 
experiments and, using a somewhat different method for the expression of 
data, failed to confirm the results. A third investigation of the problem has 
also been reported (7) in which even larger increases were obtained by feed- 
ing nicotinic acid to excised tobacco shoots than were obtained by feeding 
proline. The recent discovery that nicotine is not normally produced in 
important amounts in tobacco leaves and the failure of the investigators 
cited above to establish the validity of analytically determined increases in 
nicotine content by suitable statistical controls necessitates the adoption of 
a somewhat skeptical attitude toward such results. Although it seems very 
unlikely, the possibility cannot be denied that leaves may be found to manu- 
facture at least small amounts of nicotine provided suitable intermediates in 
the total synthesis are supplied by the investigator and/or by the root of the 
intact plant. In this connection, a repetition of the experiments described 
above utilizing naturally nicotine-free tobacco leaves from appropriately 
grafted plants should clarify once and for all the position of nicotinic acid 
and proline in the alkaloid metabolism of the aerial organs. 

Vickery (41) has attempted to identify the possible precursors of nico- 
tine by another approach. Rather than feed the plant with hypothetical 
intermediates, this investigator resorted to direct isolation from the seed 


meal of substances that might play a part in the formation ef nicotine during 
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the germination of the seed. This interesting procedure led to no positive 
conclusions perhaps due to the lack of suitable methods for the isolation and 
separation of the rather large proportion of unknown nitrogenous substances 
that was encountered. 


The synthesis of secondary tobacco alkaloids 


Nicotine is accompanied in many strains of tobacco by variable amounts 
of nornicotine. It is interesting to note that nornicotine accumulates most 
extensively in those varieties of cigarette tobaccos that have been selected 
for low nicotine content (28). That is, there is an intimation that as the 
nicotine producing capacity of the plant is reduced, its ability to manufae- 
ture nornicotine is correspondingly increased. It has recently been shown 
(13, 14) that nornicotine synthesis is, indeed, closely related to that of nico- 
tine insofar as the former alkaloid is produced at the expense of the latter. 
The overall change involved in the transformation of nicotine into nornico- 
tine is merely the substitution of a hydrogen atom for a methyl group. The 
simplest assumption to make with regard to the probable mechanism is that 
nicotine participates in a transmethylation reaction with an enzyme system 
and a methyl acceptor (Scheme I). In view of the fact that only nicotine 
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accumulates in tomato scions when these are grafted to the roots of species 
that normally contain nornicotine, it has been suggested that the roots of the 
strains and species in question produce nicotine in the usual manner. This 
is subsequently transported to the leaves where it is slowly demethylated 
(14). All that is known of the nature of the hypothetical transmethylating 
system is that it is inheritable and that it possesses a limited working 
capacity. 

Regardless of the lack of detailed information concerning the real nature 
of the process by which nicotine is changed to nornicotine, it is perfectly 
clear that nornicotine arises by secondary processes within the leaf. There 
is as yet no evidence that any organ of the plant can earry out a total synthe- 
sis of nornicotine in situ, although the possibility that the formation of nico- 
tine in the root may proceed through the reverse process (i.e., the methyl- 
ation of nornicotine) to that found in the leaf must be investigated. 

Many reports may be found in the literature to the effect that F, hybrids 
between Nicotiana tabacum and N. glauca and scions of N. glauca grafted 
upon N, tabacum stocks contain only anabasine in spite of the fact that nico- 
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tine synthesis in NV. tabacum is usually far more intensive than is the produc- 
tion of anabasine in N. glauca (40). If it had been true, this relationship 
would have intimated, among other possibilities, a competition between the 
synthetic mechanisms of nicotine and anabasine for a common precursor. 
The stimulating prospect of discovering such a system has been eliminated 
by the demonstration (14) that anabasine formation does not predominate 
in the genetical sense over nicotine production in the various combinations 
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described above. Rather, the extensive secondary conversion in these combi- 
nations of nicotine to nornicotine and the difficulty encountered in identifying 
the latter substance in the presence of anabasine have contributed to errone- 
ous interpretations. It should be noted that the demonstration of indepen- 
dent anabasine synthesis in both root and shoot of Nicotiana glauca (12) has 
shown that the total synthesis of alkaloids is not an inherently unique prop- 
erty of root tissues. 


The physiological significance of nicotine 


Insofar as it is justifiable to attempt to blueprint the physiology of the 
tobacco plant and to assign a function to each of the constituents thereof, it 
would seem well to list the more obvious alternatives with respect to nicotine. 
For instance it may be possible that nicotine originates as a by-product of 
a number of irreversible and physiologically useless reactions. Or it may 
be that it is formed for any one of several reasons as a by-product of chemi- 
eal reactions that do play a role in cell metabolism. Again, the final steps 
in the synthesis of the alkaloid molecule may involve reactions of use to the 
cell; or the finished product may itself participate in important activities 
which are not at present recognized. 

It will be noted that the views expressed prior to 1942 were based upon 
the assumption that nicotine is produced largely in the green leaf and that 
its physiological import must, therefore, be linked in some way with this 
organ. From this point of view, the great variation that occurs in nicotine 
content of different strains and crops of tobacco; the fact that tobacco scions 
ean grow and develop quite normally on tomato stocks without more than 
minute traces of available nicotine; and the failure of nicotine fed through 
the cut stems of excised tobacco shoots to alter nitrogen metabolism apprecia- 
bly (8), all support the conclusion that perhaps nicotine plays no important 
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role in the aerial organs. It is obvious, therefore, that an investigation of 
the effects of nicotine upon the roots of the tobacco plant is necessary. The 
results of some preliminary experiments, as yet unpublished, are available 
and are outlined here solely for the purpose of indicating the direction which 
future investigations of alkaloid physiology are expected to take in this 
laboratory. 

In these experiments, Connecticut Broadleaf tobacco plants were grown 
in sand culture with a mineral nutrient solution that contained nitrogen only 
in the form of nitrate for approximately seven weeks. At that time, one-half 
the plants were given a supplement of 0.10 per cent. nicotine as the hydro- 
chloride. This treatment was maintained for ten days: one-half of the nico- 
tine-fed plants and one-half of the control plants were then harvested. For 
another nineteen days the remaining plants were watered only with tap 
water and received*no more nutrient solution. These were likewise har- 
vested. The results were rather astonishing. 

In the first place, the roots of the plants to which nicotine was supplied 
very quickly acquired a violet-blue pigmentation which appeared to be loeal- 
ized in the vacuoles of the external cortical cells. No root injury of any sort 
was observed although the coloration was rather intense and in great con- 
trast to the light cream color of the roots of the control plants. Some of the 
pigment was obtained in aqueous solution. It was insoluble in fat solvents, 
unchanged by zine dust in dilute acid, but was destroyed by strong acid and 
strong base. The addition of silicotungstic acid to a portion of the original 
solution immediately led to destruction of the color and to the separation of 
a voluminous white precipitate. The supernatant solution was clear and 
colorless. 

The second remarkable feature of these plants was the accumulation dur- 
ing the initial ten-day period of large amounts of nitrate nitrogen in the 
leaves and stems. Accompanying, or perhaps resulting from the accelerated 
nitrate uptake, was a proportionate increase in the reduced forms of nitrogen 
in root, stem and leaf (table I). 

The plants that were supplied with tap water for a subsequent period of 
nineteen days gave further evidence of the changes that had been brought 
about. Under these conditions, the excess accumulation of nitrate largely 
disappeared, and a corresponding increase in other forms of water soluble 
and in hot-water-insoluble nitrogen fractions resulted. It was noted that 
the overall rate of nitrate assimilation during the period of nitrogen depri- 
vation greatly exceeded that for ammonia assimilation (cf. 47). 

It was observed that the roots of the nicotine-fed plants accumulated 
relatively much ammonia and amide nitrogen, whereas the amount of nitrate 
stored in these organs did not appreciably change. Clearly, the overall 
response to the presence of extra nicotine, so far as nitrogen metabolism is 
coneerned, was the absorption by the roots of abnormally large amounts of 
nitrate nitrogen from the nutrient solution. 

If the view is adopted that nicotine may function within the tobacco root 


as an accelerator of nitrate absorption, it then becomes necessary to inquire 
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into the possible mechanisms through which such an activity might be exer- 
cised. From the physiological point of view, alkaloid synthesis could con- 
ceivably increase the concentration of hydroxyl ion derived from water and 
thereby make possible increased acid exchange between root and soil. 
Furthermore, the alkaloid could serve as a buffer substance in the roots 
against the accumulation of dangerous amounts of nitric acid or of its im- 
mediate reduction product, nitrous acid. These suggestions break down 
under the fact that the ratio of nicotine to nitrate absorbed was so exceed- 
ingly small. For instance, in the experiment under consideration, only 
1.2 m.e. of nicotine (calculated as mono-acid base) were absorbed from the 
substrate and accumulated without change, while 28.7 m.e. of nitrate were 


TABLE I 


CHANGES IN THE NITROGENOUS FRACTIONS OF TOBACCO PLANTS AS A RESULT OF (1) THE 
ADDITION OF NICOTINE HYDROCHLORIDE TO THE NUTRIENT SOLUTION FOR TEN 
DAYS AND (2) SUBSEQUENT WITHDRAWAL OF NICOTINE AND OF 
MINERAL NUTRIENTS FOR NINETEEN DAYS. FIGURES 
ARE IN MILLIGRAMS OF NITROGEN PER PLANT 


NITROGENOUS FRACTIONS 


P in ts 3 NIco- Un- | INSOLU- 
NH,-N | <r NO,-N TINE-N{ | KNOWN-N BLE-N 
_— a a —= == = —— - + — 
md. | md. | md. md. mg. mg. 
(1) Nicotine supplied* 
Shoots . + 20.2 + 59.0 + 119.4 + 32.4 + 35.8 + 80.4 
Roots + 13.1 + 9.2 - 0.4 + 1.0 + 63.5 
(2) Nicotine withdrawnt 
Shoots - 7.4 + 4.0 — 246.2 + 2.8 + 128.6 + 83.0 


Roots -—11.3 - 6.1 - 1.0 + 0.6 — 38.9 





* Figures express the differences between plants receiving nicotine for ten days and 
those receiving none. 

+ Figures express the differences between plants from which nicotine and all mineral 
nutrients were withdrawn for nineteen days and plants which had been supplied with both 
nicotine and mineral nutrients for an earlier ten-day period. 

+ During the period of nicotine feeding, each plant received 86.5 mgm. of nicotine 
nitrogen in 500 ml. of nutrient solution per day. 
obtained from the same source (the solution contained no ammonium nitro- 
gen). 

A second possibility would seem to be that nicotine may alter the permea- 
bility of the root tip cells to the calcium, magnesium or potassium salt of 
nitric acid. This effect should be readily detected by ash analyses of the 
root, stem, and leaf tissues of the plants concerned. 

The most suggestive possibility, however, would seem to follow the obser- 
vation (table I) that, while much nitrate presumably traversed the root on 
its way to storage in leaf and stem, none was accumulated by the root cells 
as such. Instead, these cells contained relatively large amounts of ammonia, 
amide, and the undetermined forms of nitrogen including protein. While 
no estimate of the actual intensity of nitrate reduction in the roots is avail- 
able from the existing data, it seems not unlikely that the presence of extra 
nicotine may have resulted in a greatly increased rate of reduction of nitrate 


to ammonia in the roots. This, in turn, may have conditioned an increase in 
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the rate of nitrate absorption by providing not only an extra supply of 
hydroxy] ion for acid exchange with the nutrient solution but also an equiva- 
lent amount of ammonium ion for preserving a favorable pH within the root 
cell fluids. 

It seems worthwhile here to point out some of the chemical properties of 
nicotine by means of which effects such as those described above could be 
brought about. For instance, the nicotine molecule contains two feebly basic 
trivalent nitrogen atoms through which it is entirely conceivable that salt 
linkages might serve as points of attachment to specific proteins. The pro- 
nounced narcotic action of nicotine in the animal body lends weight to such 
a suggestion and, indeed, indicates the need for an investigation of the 
behavior of the alkaloid in both the animal and the plant cell from the point 
of view of the systems described by JoHNSON, EyriNG, and WiLiams (22) ; 
JOHNSON, EYRING, and Kearns (21) ; and McEtroy (29). If the narcotic 
action of nicotine in the animal body is based upon its ability to displace 
reversibly the prosthetic groups of one or more enzymes or upon its ability 
to denature reversibly the protein component of such enzymes, then the 
prospect must also be envisaged that nicotine or a metabolite of nicotine in 
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SCHEME II 


combination with a specific protein may either catalyze or inhibit physiologi- 
eally useful reactions in the tobacco root cells. In the event that evidence 
were forthcoming for such a mechanism, however, it would also be necessary 
to explain the fact that so much of the nicotine is lost from this combination 
and is permitted to be carried in the transpiration stream to those parts of 
the plant in which its physiological activity seems to be at a minimum [ef. 
the dissociation of nicotinamide-protein systems (36) |. 

The possible combination of nicotine (or of nicotine metabolites) with 
specific proteins raises many interesting possibilities for experimentation. 
For instance, although WarBure has studied the properties of heme in com- 
bination with nicotine, no one seems to have attempted to obtain a biologi- 
cally active substance by substituting nicotine for nicotinic acid amide in 
model substances related to the codehydrogenases. The codehydrogenases 
themselves are derivatives of pyridine, and their enormous biological impor- 
tance needs no emphasis here (36). It is of interest to note, however, that 
the pyridine ring nitrogen of these compounds seems peculiarly fitted for the 
facile change from trivalency to pentavaleney and back again as electrons 
are shifted from one catalyst to another in the course of cellular respiration 
(Scheme II). The general properties of pyridinium compounds and the 
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possibility of the existence of semiquinoid intermediates (27) in the reversi- 
ble hydrogenation of nicotinic acid amide lead to the suggestion that, even 
in the absence of established combination with specific proteins, the potential 
biological importance of pyridine derivatives including nicotine deserves 
more widespread attention. From the point of view of the present discus- 
sion, the formation of quinoid structures such as those of the blue-colored 
N,N-dialkyldihydrodipyridy]|s is of great interest (16). The latter are easily 
oxidized with silver nitrate and less readily with atmospheric oxygen, fol- 
lowed by treatment with hydrochloric acid to form the dialkyl halogenide 
of 4,4’-dipyridyl. These, in turn, may be reduced back to the original blue 
mother compound with zine dust and glacial acetic acid (Scheme IIT). 
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SCHEME III 


While it seems likely that the pyridine ring in the nicotine molecule 
could contribute to such biochemical processes as the reduction of nitrate, 
it must not be overlooked that the pyrrolidine ring also possesses interesting 
properties. For instance, nicotine can be oxidized by mere exposure to air 
and to sunlight to the corresponding pyrrolidine-N-oxide containing a pen- 
tavalent nitrogen atom. With silver oxide in warm water, nicotine is dehy- 
drogenated to nicotyrine (2). To carry speculations such as these to their 
logical conclusion, it becomes necessary to assume that electron shifts, in 
which nicotine or a metabolite of nicotine participates, could result either 
directly or indirectly in the absorption of relatively large amounts of nitrate 
ion from the soil solution without disturbing the electrostatic balance of the 
root tissue fluids. Whether or not this alkaloid, or any other alkaloid, can 
perform such a direct function in the plant that produces it remains to be 
determined by actual experimentation. These relationships are suggested 
here merely to call attention to the fact that the field is by no means devoid 
of problems for investigation. 

Finally, it seems possible that careful study will reveal equally inter- 
esting but relatively minor biological réles for nicotine in tobacco stem and 
leaf tissues. For instance, it is now definitely established that a certain 
small fraction of the nicotine content of excised leaves disappears as such 
during curing and during culture (44, 46). The extensive mobilization and 
disappearance of nicotine during fruiting and senescence has been noted 
above (45). Experiments have also been performed in which nicotine was 
supplied to excised tobacco shoots during culture in light (8). In all eases, 
approximately 25 per cent. of the nicotine absorbed by these shoots was con- 
verted into some other form of nitrogen which was water-soluble but not. 
volatile with steam from alkaline solution. Certainly, the chemical nature 
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of the alkaloid would seem to fit it for many possible réles in cellular metabo- 
lism ineluding oxidations and reductions, both reversible and irreversible, 
and combinations with other compounds such as the proteins. It is, there- 
fore, a great mistake to relegate it without further study to the serap-heap 


of 


‘‘waste-products’’ of tobacco metabolism and thence to consider the 


matter of little further importance. 


The author is greatly indebted to Dr. W. G. FRANKENBURG, Director of 


Research for the General Cigar Company, for his kindness in critically 
reviewing the manuscript prior to its publication. 
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NEW CARRIERS FOR PLANT GROWTH REGULATORS! 


R. B. WITHEREOW AND F. 8. HOWLETT 


Lanolin has been used extensively as a carrier for indolebutyrie acid for 
the production of parthenocarpic tomato fruits and for supplementing polli- 
nation and fertilization in the tomato. However, lanolin pastes are tedious 
to apply, they leave a sticky residue, and, in the early spring, the red or pink 
color does not develi“p evenly where such residues are excessive. Fruits 
produced following application of lanolin pastes and particularly lanolin 
emulsions are especially susceptible to the physiological disorder, blossom- 
end rot. 

The writers have been concerned with possible substitutes for lanolin 
and for the emulsifying agent employed in the standard lanolin paste and 
lanolin-triethanolamine stearate emulsion (table IV). The ideal carrier for 
any growth-regulating substance should have the following characteristics : 
(1), low physiological activity in relation to the plant tissues involved; (2), 
physical stability so that the rate of release of the regulator is not greatly 
influenced by variations in environmental conditions such as temperature 
and moisture ; (3), capacity to hold sufficient concentration of the regulator 
for optimum results, without the formation of large crystals or the oeeur- 
rence of other forms of physical separation; (4), chemical inertness to the 
growth regulator so that the regulator is not chemically changed by the 
presence of the carrier; (5), ease of application to limited portions of the 
plant; and (6), low cost. 

The procedure followed has involved the application of indolebutyrie 
acid in various carriers to flowers of Globe Strain A tomato, both in the pro- 
duction of seedless fruits as well as in supplementing pollination and fertili- 
zation. In this report, only those carriers will be discussed which have given 
results comparable to those given by the standard lanolin emulsion. The 
bases of comparison used included (1) proportion of flowers setting fruit 
and the size attained by the fruits, (2) proportion of fruits from treated 
flowers developing blossom-end rot, (3) extent of the development of gelati- 
nous pulp in the carpels, and (4) the ripening of such pulp. Data on the 
application of these carriers and fruit set occurring with them will be pub- 
lished in a subsequent paper. 


Tissue injury tests with hydrocarbons, waxes, esters, and oils 


In the search for substitutes for lanolin, tissue injury tests of a large 
number of hydrocarbons, waxes, esters, and oils were made on the leaves of 
tomato and soybean. Data on these tests, together with some of the proper- 
ties of the various materials, are presented in table I. 

1A joint contribution from the Purdue University and The Ohio Agricultural Experi- 
ment Stations. Journal Paper no. 204, Purdue University Agricultural Experiment 
Station, 
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Lanolin, at temperatures of 70° F. and below, caused no injury. 
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At 


temperatures above 100° F., the leaves appeared oil-soaked and the tissues 
later died. Vaseline soaked into the leaf tissues a little more rapidly than 


lanolin and was somewhat more injurious at high temperatures. 
temperatures, it did not cause any injury. 


TABLE I 


PROPERTIES OF WAXES AND SIMILAR MATERIALS AS CARRIERS FOR INDOLEBUTYRIC 
ACID (IB) IN POLYVINYL ALCOHOL 











SOLVENT 
PROPERTIES | POLYVINYL 
, FOR ALCOHOL 
A 
Was eae INDOLE- EMULSION 
BUTYRIC STABILITY 
ACID 
Carnauba wax Good Very stable 
Beeswax, white Fair Stable 


or yellow 
Opal wax 
Wax blend no, 1 
Wax blend no. 2 
Spermaceti 


Lanolin, anhy- 
drous 
Solid hydro- 
earbons 
Petrowax A 
Paraffin 
Ceresin 
Ozokerite 
Vaseline 
Paraffin oil 
Glyco waxes 
Glycerol esters 
Cocoa butter 
Bayberry wax 
Beef tallow 
Glycerol mono- 
stearate S, 
Glyeco 
Cocoanut oil 
Olive oil 
Corn oil 
Cetyl aleohol 


Stearic acid 


Very good 
Very good 
Very good 
Very good 


Good 
Poor 
Poor 
Poor 


Poor 
Good 


Very good 





Good 





Very stable 
Stable 
Stable 
Unstable 


Slightly 
unstable 


Stable 


Stable 
Stable 
Stable 
Stable 


Unstable 


Unstable 





| Slight to 


TISSUE 
INJURY 


None 
None 
None 
None 


None 


None 


Slight 


None 


Slight 


Severe 


severe 


None 


Severe 


| 
} 


At low 


Paraffin oil killed the tissues and 





APPROXI- 
MATE 
SOLIDI- 
FYING 
POINT 


C. 
85 


yo ~) 


_ 
oro 


30—40 


49 


69 


REMARKS 





Good earrier 
Low activity of IB 


Low activity of IB 
Good carrier 
Good earrier 


Good in mixtures 
with higher m.p. 


waxes 
Fair, except at high 
temperatures 


Poor solvents for IB 


Poor solvent for IB 
Poor solvent for IB 
Poor solvents for IB 
Injurious as a class 





| Good in mixtures 
with other waxes 
| 

] 


produced a water-soaked appearance, The solid hydrocarbons such as Petro- 
wax A, paraffin, ceresin, and ozokerite resulted in no injury when mixed with 
sufficient lanolin for easy application to the leaves. 

The true waxes such as carnauba, beeswax, and spermaceti caused no 


injury. 


Opal wax, a hard glycerol ester, was also non-injurious. 


The 
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glycerol esters such as cocoa butter, bayberry wax, beef tallow, and glycerol 
monostearate, induced varying degrees of injury when applied in mixtures 
with lanolin. Cocoanut, olive, and corn oils were very injurious to leaf 
tissues. Cetyl aleohol was quite inert and harmless. 


Solubility for indolebutyric acid and other data for hydro- 
carbons, waxes, esters and oils 


The solubility of indolebutyrie acid was determined by adding the acid 
at the rate of 1.0 to 10 gm. of the material heated to about 100° C. If the 
crystals did not dissolve readily, the solubility was considered as low. Vase- 
line and the liquid and solid hydrocarbons are poor solvents for indole- 
butyric acid ; the true waxes and glycerol esters are good solvents for indole- 
butyric acid. Beeswax and opal wax appeared to react with the indolebutyrie 
acid so that the effectiveness of the acid was reduced in setting fruit. 


Tissue injury tests with emulsifying agents 


The data on tissue injury for a number of emulsifying agents are given 
in table II. The various grades of polyviny! alcohol, the alkaline and acid 


TABLE II 


CHARACTERISTICS OF VARIOUS MATERIALS AS EMULSIFYING AGENTS FOR WAXES 
CONTAINING INDOLEBUTYRIC ACID (IB) 








EMULSIFYING TIssuE | TYPE OF 





“MULSIFYING AGE 

EMULSIFYING AGENT PROPERTIES INJURY EMULSION 
Triethanolamine stearate Excellent Toxic* Alkaline 
Polyvinyl aleohol, high | Very good Nontoxic Acid or alkaline 


viscosity grade DuPont, 
PVA, RH-403 


Polyviny] alcohol, medium Good Nontoxie | Acid or alkaline 
viscosity grade DuPont, 
PVA, RH-488 

Polyvinyl aleohol, low | Very poor Nontoxic Acid or alkaline 
viscosity grade DuPont, 
PVA, RH-623 


Gelatin, pharmaceutical Very poor Nontoxic | Alkaline 
alkaline grade, Pharma- 
gel B 
Gelatin, pharmaceutical Poor Nontoxic | Acid 
acid grade, Pharma- 
gel A 
Methyl cellulose, low Poor for waxes; Nontoxic | Acid or alkaline 
viscosity grade Dow good for oils for oils only 
Methocel, 15 eps ’ 
Methyl! cellulose, high Poor Nontoxie 


viscosity grades Dow 
Methocel, 400 and 








4000 eps 
Bentonite clay Poor Nontoxic Alkaline; leaves 
objectionable 
i al ee a | residue 
*Injury tests determined with undiluted triethanolamine stearate. Toxicity not 


apparent when applied at low concentrations mixed with inert materials. 
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grades of pharmaceutical gelatin, high- and low-viscosity methyl cellulose, 
and Bentonite clay were all inert and produced no significant injury to leaf 
tissues when applied as aqueous mixtures. Triethanolamine stearate was 
very injurious to leaf tissue when applied undiluted. The components 
triethanolamine and stearic acid were also very injurious when applied 
separately. 


Emulsification properties of agents 

The low viscosity grades of methy] cellulose (4) form stable emulsions 
with oils but not with waxes. Methy] cellulose precipitates from solutions 
at the melting points of the waxes used. Bentonite clay does not form stable 
emulsions at concentrations sufficiently low to prevent objectionable residue 
on the fruit. Pharmagel A, derived from an acid-treated gelatin precursor, 
also formed unstable emulsions with the waxes used. 

The high viscosity grades of polyvinyl! alcohol and the pharmaceutical 
gelatin derived from an alkali-treated precursor, Pharmagel B, were the best 


TABLE III 


COMPOSITION OF CARNAUBA WAX AND LANOLIN MIXTURES 

















WAX NO. COMPOSITION 

1 Carnauba wax 45% 
Lanolin, anhydrous 50% 
Cetyl aleohol 5% 

| 
2 Carnauba wax 25% 
Lanolin, anhydrous 70% 
Cetyl aleohol 5% 





emulsifying agents for the waxes. Polyvinyl alcohol as an emulsifying 
agent is described by E. I. duPont de Nemours and Company (5, 6). The 
production of emulsions with pharmaceutical gelatins is described by Tice 
(2, 3) and the formulae given here involve the proportions of alkali recom- 
mended by him for Pharmagel B emulsions. 


Emulsions 

The blended waxes given in table III were the most suitable for the for- 
mation of emulsions. Carnauba wax used alone resulted in emulsions of 
relatively high viscosity. The two mixtures, wax blend no. 1 and wax blend 
no. 2, formed low-viscosity sprayable emulsions. The solidifying points of 
these blends are 78° and 73° C., respectively. Wax no. 2 is easier to keep 
liquefied in a Waring Blendor, but wax no. 1 appears to give slightly better 
results under high temperature conditions, and, therefore, it is recommended 
for use in cream emulsions for application at high temperatures. 


Cetyl alcohol appeared to make the emulsions more stable when present 
in small amounts. Sorbitol was added to the emulsions as a nontoxic plasti- 
cizing agent to keep the polyviny! alcohol or gelatin soft and capable of being 
stretched with the growth of the fruit. However, the authors have little 
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evidence thus far that the addition of such a plasticizer is of much value. 
Sodium bicarbonate, added to polyvinyl aleohol emulsions, keeps the emul- 
sions alkaline, which appeared to increase the effectiveness of the indole- 
butyrie acid, probably because it is more soluble in alkaline than im acid 
solutions. The pH of such emulsions is between 9 and 10. 


Fluid emulsions 
In table IV are presented the formulae for two typical stable fluid emul- 
sions which have given satisfactory results in comparison with the standard 
triethanolamine stearate emulsion made with lanolin. Two different emulsi- 
fying agents are given. These emulsions can stand over considerable periods 
of time without breakdown. They are very fluid and easy to use without 
undue clogging of the atomizer used for their application. 


TABLE IV 


FORMULAE OF FLUID EMULSIONS 











JMULSION TYPE COMPOSITION 
Standard lanolin triethanolamine 0.2 gm. indolebutyrie acid 
stearate 1.3 gm. lanolin, hydrous 


0.3 gm. triethanolamine 
1.0 gm. stearic acid 
100.0 ml. water 
Wax blend no. 2—Pharmagel B 0.2 gm. indolebutyric acid 
5.0 gm. wax blend no. 2 
0.3 gm. Pharmagel B 
0.1 gm. sorbitol 
0.5 gm. sodium bicarbonate 
100.0 ml. water 
Wax blend no. 2—polyviny! alcohol 0.2 gm. indolebutyrie acid 


5.0 gm. wax blend no. 2 
0.5 gm. polyvinyl alcohol, RH-403 
0.1 gm. sorbitol 
0.5 gm. sodium bicarbonate 

100.0 ml. water 





PROCEDURE FOR THE PREPARATION OF FLUID EMULSIONS 


The standard emulsion given for comparison in table [V may be prepared 
as described by Howterr (1). The other two liquid or sprayable emulsions 
were made according to the following procedure. 

Two small openings were cut near the edge of the lid of a Waring Blendor 
jar. Through one opening was inserted an 8-mm. glass tube connected to a 
two-liter Erlenmeyer flask, half filled with water. The glass tube was so 
arranged that it was possible to slip it up and down vertically. Care was 
exercised to prevent the tube from catching in the blendor blades. 

The wax was carefully melted in a beaker and brought to about 110° C. 
The indolebutyrie acid was added next, keeping it just below 120° C., the 
point at which the acid crystals melt. ‘ 

Forty per cent. of the water that was finally to be used was placed in the 
blendor jar; the dry polyvinyl] alcohol, sorbitol, and sodium bicarbonate 
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were added and mixing begun. Heat was then applied to the Erlenmeyer 
flask and the blendor quic*ly brought up to 100° C. by violently boiling the 
water in the flask, injecting the steam into the blendor jar close to the mixing 
blades. A thermometer inserted in the second opening in the lid can be used 
for checking the temperature. 

When the temperature reached 100° C., the melted wax—indolebutyric 
acid mixture was slowly added. Mixing was done with steam for about 
three minutes; the steam tube was then slipped out of the blendor jar; and 
the emulsion was mixed five minutes more. The most stable emulsions are 
obtained by allowing the blendor to finish mixing at slowest possible speed 
with the lid off until the mixture has cooled to about 60° C. 

The contents of the blendor jar were poured into a flask which was shaken 
gently until all the bubbles on the surface were broken. The contents were 
then transferred to a graduate and made up to the indicated quantity with 
water. 

Cream emulsions 

Several cream emulsions having the consistency of lanolin were made up 
with other waxes mixed with lanolin. Wax no. 2 was found to make an 
excellent cream when Pharmagel B or polyvinyl alcohol was used as the 
emulsifying agent. Such creams do not leave sticky residues. 


PROCEDURE FOR PREPARATION OF CREAM EMULSIONS 


Formulae for the creams are given in table V. In preparing the cream 
emulsions, the indolebutyric acid was added to the melted wax as for fluid 
emulsions. All the water was heated to 100° C. and placed in a pre-heated 
Waring Blendor jar. The sodium bicarbonate and Pharmagel B or poly- 
vinyl aleohol were then added. Next the blendor jar and its contents were 


TABLE V 


FORMULAE OF CREAM EMULSIONS 

















PASTE TYPE COMPOSITION 





0.2 gm. indolebutyrie acid 
20.0 gm. wax blend no. 1 
2.0 gm. Pharmagel B 

0.5 gm. sorbitol 

0.5 gm. sodium bicarbonate 
80.0 ml. water 





Wax blend no. 1—Pharmagel B 





Lanolin—Pharmagel B 0.2 gm. indolebutyrie acid 
20.0 gm. lanolin, anhydrous 
2.0 gm. Pharmagel B 
0.5 gm. sorbitol 
0.5 gm. sodium bicarbonate 
80.0 ml. water 


Wax blend no. 1—polyvinyl alcohol 0.2 gm. indolebutyrie acid 
20.0 gm. wax blend no. 1 
2.0 gm. polyvinyl aleohol, RH-403 
0.5 gm. sorbitol 
0.2 gm. sodium bicarbonate 
80.0 ml. water 
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brought to 100° C. in a water bath. The melted wax mixture heated to 100° 
C. was then added. Mixing was done at high speed for 15 minutes with the 
jar thermally insulated, the temperature kept at 90° C. Care must be exer- 
cised so that the thermal insulation does not prevent the circulation of air 
past the motor of the blendor. Since the creams cannot be measured volu- 
metrically with ease, a steam jet which adds an unknown amount of water 
cannot be used. The proper amount of water is added at the beginning, and 
no further additions should be made. The same procedure may be used for 
the fluid emulsions, but it takes more time than when a steam jet is used. 


Mucilage solutions 
Since indolebutyric acid converted to the sodium salt is soluble in water 


to the extent of several tenths of a per cent., it was thought that it might be 


TABLE VI 


CHARACTERISTICS OF VARIOUS MUCILAGES AND WATER-SOLUBLE SUBSTANCES FOR 
THE SODIUM SALT OF INDOLEBUTYRIC ACID 























' FILM FORMING 7 a 
CARRIER PROPERTIES REMARKS 
Polyvinyl alcohol, high Tough, clear, flex- Good carrier, solutions clear, 
viscosity grade DuPont, ible film medium viscosity 
PVA, RH-403 
Polyvinyl alcohol, medium Tough, clear, flex- Good carrier, solutions clear, 
viscosity grade DuPont, ible film medium viscosity 
PVA, RH-488 
Polyvinyl! aleohol, low Moderately tough, Very good carrier, solutions 
viscosity grade DuPont, | clear, flexible clear, low viscosity 
PVA, RH-623 film 
Gum arabic Weak, brittle film Very good carrier, solutions 
| clear, amber color, low 
viscosity 
Carbowax, no. 1500 or no. | Soft film | Very toxic, good solvent for 
4000 (polyethylene indolebutyrie acid 
glycol) | 
Glycerine | Liquid Very toxic, good solvent for 


indolebutyrie acid, good 
plasticizer 
Sorbitol | Non-film-forming Nontoxic, poor carrier, good 
plasticizer 
' 


possible to eliminate the complicated preparation of emulsions by simply 
dissolving a concentrated alcohol solution of indolebutyric acid in an alkaline 
solution of a mucilage such as polyviny! alcohol, gelatin, some of the natural 
gums as gum arabic, or of the polyethylene glycol sold as Carbowax by the 
Carbide and Carbon Chemicals Corporation. The properties of these mate- 
rials are given in table VI. 

Carbowax was soon eliminated, however, because it was very toxic to 
leaf tissues and tomato flowers. Leaves of tomato, sweet pepper, eggplant, 
melon, sweet potato, peach, apple, chrysanthemum, and rose were used for 
testing. When undiluted Carbowax was applied to leaf tissue, the tissues 
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were killed within four days on all the species tested. When mixed with 
50 per cent. distilled water, the leaf tissues of all species were killed ; 10 per 
cent. mixtures of Carbowax in distilled water injured the leaves of some of 
the species, especially sweet potato and eggplant. Mixtures containing 1 per 
cent. and less of Carbowax did not injure any of the leaf tissues. However, 
1 per cent. mixtures severely injured tomato floral parts, and some burning 
occurred even at concentrations as low as 0.1 per cent. This was a disap- 
pointment because Carbowax had many interesting properties and was an 
excellent solvent for indolebutyric acid. 

Gelatin formed solutions of high viscosity as in the case of the emulsions, 


TABLE VII 


FORMULAE OF MUCILAGE SOLUTIONS 














SOLUTION TYPE COMPOSITION 








Glycerine-gum arabic 0.2 gm. indolebutyrie acid 
3.0 gm. glycerine 
3.0 gm. gum arabic 
0.5 gm. sodium bicarbonate 
100.0 ml. water 


Ethyl aleohol-gum arabic 0.2 gm. indolebutyrie acid 
3.0 ml. ethyl alcohol 
3.0 gm. gum arabic 
0.5 gm. sorbitol 
0.5 gm. sodium bicarbonate 
100.0 ml. water 


Ethyl aleohol—polyviny! alcohol 0.2 gm. indolebutyrie acid 
2.0 gm. ethyl alcohol 
1.5 gm. polyvinyl aleohol, RH-403 
0.1 gm. sorbitol 
0.5 gm. sodium bicarbonate 
100.0 ml. water 


and it also tended to mold readily. Polyviny! alcohol of the low viscosity 
RH-623 grade and gum arabic appeared to be the most suitable materials. 


PROCEDURE FOR THE PREPARATION OF MUCILAGE SOLUTIONS 


In table VII are given two formulae for mucilage solutions. In prepar- 
ing these, the indolebutyric acid was dissolved in the aleohol. The sodium 
bicarbonate and sorbitol were dissolved in half the water in a Waring Blen- 
dor jar and the mucilage added. The solution was mixed at high speed until 
the mucilage was entirely dissolved. The solution was then heated with a 
steam jet to 100° C., the steam shut off, and the indolebutyrie acid solution 
added. The remaining water was added, following cooling. 

These solutions are clear and practically colorless. They are lower in 
viscosity than the emulsions and may be applied readily. Sufficient data are 
not as yet available to determine whether such solutions retain their activity 
during storage or whether they will prove as effective as the emulsions for 


use as carriers in setting fruit. 
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Discussion 

Early in the work, it was thought that the increased incidence of blossom- 
end rot occurring with fruits treated with indolebutyric acid emulsions, as 
compared with untreated ones, was due to the toxicity of either the lanolin 
or triethanolamine stearate of the standard emulsion. However, as the work 
progressed, such increased blossom-end rot appeared to be only partly influ- 
enced by the carrier used. It appeared to be due primarily to the indole- 
butyric acid and to the rapid growth induced following its application. 
Under the environmental conditions which prevail in greenhouses in the 
northern United States at the time growth regulators are of value, lanolin 
and triethanolamine stearate usually are not visibly injurious to the floral 
parts at the dilutions used in the standard emulsion. 


Summary 

Formulae and methods of preparation of several stable fluid and cream 
emulsions employing waxes other than lanolin and emulsifying agents other 
than triethanolamine stearate are given. Mucilage solution formulae are 
also presented. 

The cream emulsions do not leave sticky residues as does lanolin, and 
they are nontoxic to plant tissue. Tomato fruit set well when these emul- 
sions were used as carriers for indolebutyric acid. Under conditions of high 
temperature where lanolin and lanolin emulsions are toxic, the materials 
recommended are not injurious. They also offer advantages where physio- 
logically inert carriers are desired for materials other than growth regu- 
lating substances. 
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THE ORGANIC ACIDS OF GRAPEFRUIT JUICE’ 


WALTON B., SINCLAIR AND D., M. Eny 
(WITH ONE FIGURE) 


The total acidity of grapefruit juice is highly associated with the quality 
of the fruit. Many of the biochemical reactions occurring in the fruit dur- 
ing growth and maturity depend upon the concentrations of the various acid 
constituents that compose the total acidity. The rates and types of reac- 
tions in citrus fruits are highly correlated with the pH, which in turn is 
directly related to the free and combined acids in the juice. These factors, 
considered collectively as the buffer system of the fruit, are important in 
regulating the proper reaction in the juice. The present investigation, there- 
fore, is concerned with the determination of the organic acid constituents in 
grapefruit juice and the amounts of each that exist in the free and combined 
forms. Certain relationships are also noted between the pH and the existing 
cations that are available for salt formation. 


Materials and methods 

The methods of fruit sampling and the analytical procedures are the 
same as those used and described in similar studies on oranges and lemons 
(7, 8,9). It is necessary to give only a brief listing of the procedures in this 
paper. Total soluble solids in the juice were determined as sucrose, with a 
Brix hydrometer. Using the table of STeEvENs and Barer (10), the true 
soluble solids were obtained by making a correction for the percentage of 
acid in the sample. The free-acid content of the samples was titrated on an 
aliquot portion of the juice with standard NaOH, with phenolphthalein as 
indicator. The organic acid fraction was precipitated from 80 per cent. 
alcohol with lead acetate and separated from the filtrate by centrifuging. 
The precipitate was washed with alcohol, suspended in water, and freed of 
lead by passing H.S through the solution. The lead sulphide was filtered 
off and washed with water. The filtrate and washings were combined and 
diluted to a known volume. The citric and malic acids were determined 
simultaneously, on aliquot portions of this solution by the method of PucHEr, 
VICKERY, and WAKEMAN (6). The amount of organic acid in the combined 
form was estimated by determining the alkalinity of the ash from an aliquot 
of juice. 

Results 
ACID CONSTITUENTS OF GRAPEFRUIT JUICE PRECIPITATED WITH 
LEAD ACETATE 

The organic polybasice acids of grapefruit juice were precipitated in 80 
per cent. aleohol with lead acetate. An analysis of this lead-free precipi- 
tate gave the organic acids and acid salts naturally present in the juice. The 

1 Paper No. 535, University of California Citrus Experiment Station, Riverside, Cali- 
fornia. 
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completion with which lead acetate precipitated the organic acids is made 
evident by the close agreement of the total acid values with those reported 
for the sum of the citric and malic acids (table I). The total acid values 
(as citric) represent all of the acid groups precipitated from the juice with 
lead acetate. That inorganic acid salts are not present in the juice in appre- 
ciable amounts is shown by the fact that the citric and malic acids account 
for all of the acid groups in the precipitate. These results do not agree with 
those of MENCHIKOvsKy and Popper (5), who reported that the grapefruit 
of Palestine contained, in addition to citric and malice acids, small amounts 
of tartaric and oxalic acids. 

The citric and malic acid contents of the juice from grapefruits of differ- 
ent maturities are shown in table I. It should be pointed out that these 
values, as determined by the method of PucHgEr, Vickery, and WAKEMAN 
(6), include both the free and combined acids in the form of citrates and 
malates. As in the lemon and the orange, the actual amount of citrie acid 
in the juice represents the major portion of the total organic acid content 
of grapefruit. The decrease in concentration of the free acids with the fruit 
maturity is due chiefly to the citric acid content. In the samples studied, 
the concentration of malic acid and malate showed a variation of 100 per 
cent. No explanation can be given for such large variations in grapefruit 
juice. Large differences of this sort were not encountered in mature oranges 
and lemons. No evidence was obtained from these investigations which 
would indicate the existence of an equilibrium between the concentrations 
of citric and malie acids. 


RELATION OF PH TO THE FREE AND COMBINED ACIDS IN 
GRAPEFRUIT JUICE 

The concentration of free acids of mature grapefruit juice is between 
that of the lemon and the orange; and, consequently, the pH is similarly 
related. As in oranges, the amount of free acids (mg. per fruit) inereased 
and reached a maximum in grapefruit during the early growth period, but 
the decrease in concentration of free acids (mg. per ml.) during ripening 
was caused evidently by the growth of the fruit and the consequent dilution 
of the acids present ; for as the grapefruit increases in size the acids must be 
distributed through an increasing volume of juice. 

The relation of pH to the concentration of free acid in different samples 
of grapefruit juice is shown in table I. In the immature fruit, the amount 
of combined acids varies from 12 to 20 per cent. of the total acid radicles, 
and while the acidity is near its maximum, the pH at this point is strongly 
influenced by the high salt content. In the mature fruit, the free acid varied 
from 17.34 to 21.51 mg. per ml.; the percentage of the total acid in the free 
state showed little variation. This means that the combined acids (salts of 
inorganic cations) did not vary enough to produce more than a slight shift 
in pH. The average amount of organic acid in the combined form was 1.95 


mg. citric acid per ml., and this amount corresponds, on the average, to a 
salt content of 10 per cent. of the total acid radicles. 
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The pH-salt relationships of grapefruit juice are illustrated in figure 1 
by comparing the titration curve of the juice with that of a pure citric acid 
solution. The solution used in securing the data for the citrie acid curve 
contained 17.94 mg. of citric acid per ml.; the free acid in the grapefruit 
juice was 16.53 mg. per ml. The pure citric acid solution had a pH of 2.25; 
the grapefruit juice had an initial pH of 2.87. The initial point on the 
grapefruit juice curve was located on the graph at pH 2.87, which corre- 
sponded to a combined acid or salt content of 10 per cent. The percentage 
of acid neutralized for all points, other than the initial one, included the com- 
bined acid present in the original sample and the sodium citrate formed by 
the neutralization of part of the free acid. The close similarity of these two 
curves is indicated by the pH values of grapefruit juice, which are slightly 











—.— GRAPEFRUIT JUICE 16.53 MG/ML] 
CITRIC ACID 1794 MG/ML] 











° 10 20 x) 40 so 60 70 80 90 100 iL) 
ACID NEUTRALIZED—PER CENT. 


Fig. 1. Titration curves of grapefruit juice and of pure citric acid solution, showing 
the relation of pH to the salt content. The initial point on the grapefruit-juice curve 
was corrected for the salt occurring normally in the juice. 


higher than those of citric acid, for a given amount of combined acid (salt). 
The two curves are nearly parallel and consequently have nearly the same 
slope. Grapefruit juice titrates like a pure citric acid solution because the 
free acid in the juice is composed chiefly of citric acid, and the ratio of 

free acid 
combined acid 
quantity of cations that are available in the juice for combining with the 
organic acids is relatively small in comparison with the concentration of free 
acids. To plot an accurate titration curve of grapefruit juice, a correction 
must be made for the combined acid naturally occurring in the juice. Grape- 
fruit juice, like all weak acids, is most effective at a pH approximating the 
dissociation constant of the buffer acid (pKa). 

During the ripening of grapefruit, the concentration of acid in the free 
state decreased, and the pH of the juice increased. The rise in pH was the 





is sufficiently great to diminish the salt effect on the pH. The 
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, sal : : 
result of the change in the value log at caused chiefly by the decrease in 


acid concentration. The combined acid reached a near constant value in the 
mature fruit. The difference in pH of two given samples of grapefruit juice 
usually amounted to the difference in the log sat 
Similar results were obtained with the calculations made from the data of 
Smvcuair and Ramsey (9), which showed that juices from a green and ma- 
ture orange-fruit sample, picked 7 months apart, had a difference in pH of 
0.3. This change in pH was almost entirely accounted for by the correspond- 

salt 
ing difference (0.2838) in the log - ae 
perimental results are deteestleaay derived from the equation which relates 
the pH to the dissociation exponent (pKa) and the ratio of salt to free acid. 





values of the two samples. 





values of the two samples. These ex- 


THE ALKALINITY OF THE ASH AS A MEASURE OF THE COMBINED ACIDS 
AND THE BASE-FORMING ELEMENTS OF THE JUICE 


The combined acids recorded in tables I to III were determined from the 
alkalinity of the juice ash. During the ashing process, the organic radicles 
are burned off leaving the equivalent cations as carbonates and oxides and 
some sulphates and phosphates. This alkalinity is a fair measure of the 
amount of cations combined with the organic acids in the juice. The con- 
centration of combined acids (table II), as determined by this method, is 
greater in immature than in mature grapefruit juice. Juices of mature 
lemons and grapefruit have approximately the same concentration of com- 
bined acids. In mature orange juice, the concentration of combined acids 
is significantly greater. The specific cations combined with the organie acids 
have not been determined. It is highly probable, however, that the citrates 
(salts) are present in the juice as the potassium acid citrates, since the potas- 
sium concentration accounts for 60 to 70 per cent. of the total cations. 


TABLE II 


THE COMBINED ORGANIC ACIDS IN CITRUS JUICES 














' y ‘ TI" ’ . es CTT . 7% 
Rieecnaie ee by oumENED ORGANIC ACIDS (AS CITRIC) IN Soar 
—_—— GRAPEFRUIT ORANGES | “Leaows 
mg. yl, cr m.e. /ml. | mg. /ml, m.e. /ml. mg./ml, | me. /ml, 
Immature . 4.49 | 0.070 2.75 0.043 1.83 0.028 
oe 3.96 0.062 2.74 0.043 1.90 0.029 
hy 3.03 0.047 2.68 0.042 1.79 0.028 
we 3.53 | 0.055 2.50 0.039 1.88 0.029 
“ 3.28 0.051 2.75 | 0.043 1.86 0.029 
Mature 196 | 0.031 2.92 | 0.046 2.13 0.033 
‘ | 208 | 0.032 3.01 | 0.047 2.08 0.032 
"7 2.02 |} 0.031 3.07 | 0.048 2.13 0.033 
- 2.04 0.032 2.94 0.046 1.94 0.030 
" 1.96 | 0.031 2.88 | 0.043 2.15 0.033 
1 | 


° De termined from the alks alinity of the ash. 
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Extensive nutritional research has shown that citrus fruits (and others, 
such as tomatoes, pears, peaches, apricots, etc.) contain base-forming ele- 
ments, which, when eaten and digested in the human body, have the power 
to neutralize the acids and, consequently, raise the pH of the urime. AI- 
though these fruits are acid in reaction, the degree of acidity or basicity in 
the metabolic process depends upon the extent to which the organic acid 
radicles are oxidized in the body, setting free cations (mostly potassium) to 
combine with the acid residues in the urine. When the body has an excess of 
basic elements to be eliminated, the ammonia secretion is greatly reduced 
and the organic acids combine with an equivalent of fixed base. The whole 
is excreted as salts which at the pH of the blood are neutral and conse- 
quently exhibit slight buffer capacity. Most fruit acids, and especially 
citric acid, are nearly completely oxidized in the body. Citrus juices, there- 
fore, would not exhibit an ultimate acid effect, but they would reduce the 


TABLE III 


THE CATIONS COMBINED WITH THE ORGANIC ACIDS IN THE JUICE OF MATURE 

















GRAPEFRUITS AND ORANGES 
CATION COM- 
TOTAL CATION CATION COMBINED WITH BINED WITH 
T 
FRUIT VARIETY CONTENTS* ORGANIC ACIDS t INORGANIC 
ANION 

m.e. 100 gm, m.e. 100 gm, m.e. 100 gm, 

Grapefruit: ....................... 5.35 3.05 57.00 2.30 

Valencia oranges . 5.96 4.26 71.47 1.70 

Navel OFANGQOS .....ceccccssrercsssserceeneer 6.06 4.42 72.94 1.64 














* The total cation content is the sum of the Ca, Mg, K, and Na, in the juice. 
t Percentage of total cation. 


acidity of the urine because of the alkaline ash produced during metabolism. 
This factor has been definitely established by the investigations of BLATHER- 
wick and Lone (1). The rapid rate at which citric acid is metabolized was 
demonstrated by Kuyprr (4) in experiments which showed that the alkali 
formed from digested sodium citrate was excreted in the urine at approxi- 
mately the same rate as that of sodium bicarbonate. From these considera- 
tions, the deduction can be drawn that the alkalinity of the ash is a measure 
of the base-forming capacity of the juice, as well as a measure of the cations 
combined with the organic acids. 

It ean be seen from table II that the base-forming capacity of mature 
grapefruit and lemon juices is equivalent to approximately 0.032 milliequiva- 
lents per ml.; for orange juice, the base-forming capacity is greater and 


amounts to approximately 0.046 milliequivalents per ml. For 100 grams 


of juice, the base-forming capacity of Valencias, navels, and grapefruit 
amounted to 4.26, 4.42, and 3.05 milliequivalents, respectively (table II1). 
The fraction of the total cations in the combined form in mature grape- 
fruit juice is compared, in table III, with similar values for Valencia and 
The total cation content of the different juices is represented 


navel oranges. 
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by the sum of the calcium, magnesium, potassium, and sodium values ex- 
pressed in milliequivalents per 100 grams of juice. Undoubtedly, other 
cations are present in the juice in micro-quantities which would produce only 
a slight effect on these values. Grapefruit juices had 57.00 per cent. of their 
total cations combined with the organic acids, and Valencia and navel orange 
juices had 71.47 and 72.94 per cent., respectively. The remainder of the 
cations are combined in the juices with the inorganic anions, which include 
sulphates, chlorides, nitrates, and part of the phosphates. The titration 
curve of phosphoric acid demonstrates that approximately 34 per cent. is in 
the salt form (KH,PO,) at pH 4.60. Since mature grapefruit and orange 
juices have a pH 3.00 to 3.70, approximately 25 per cent. of the total phos- 
phorus is in the salt form. Lemon juice, which has a pH of 2.1, has from 
12 to 15 per cent. of the phosphorus existing as a salt. 

It is apparent that the amount of organic acids that combine with the 
mineral bases to form salts depends upon the concentration of available 
cations. The amount of free organic acids available for salt formation in 
the juice would never be a limiting factor, for the acid concentration at all 
times would be many times greater than the total cation content. Although 
the total cation content of a given sample is derived from the ash, the concen- 
tration in the juice is correlated with the mineral elements absorbed by the 
roots during fruit development. Soil conditions favorable for increased 
absorption of minerals by the plant could produce an increase in the total 
ash of the fruit, thereby increasing the alkalinity of the ash in the juice. The 
total ash content of the fruit can apparently be increased only to a limited 
extent by differences in cultural conditions. The total mineral constituents 
in vegetative portions of most plants usually respond to climatic and soil 
changes more readily than do those in the fruit. It can be seen from the 
titration curve of grapefruit juice (fig. 1) that a 100 per cent. increase in 
the total cation content in the juice would increase the combined acid only 
10 per cent. This increase in combined acids is based, of course, on the sup- 
position that the alkalinity of the ash increased in proportion to that of nor- 
mal juice. A 10 per cent. decrease in free acid of mature grapefruit juice 
would cause an increase of only 0.3 of a pH (table I). 

It is fully realized that the rate of formation of the free acid in grape- 
fruit and oranges is greatly reduced by various sprays such as arsenates (3) 
and phosphates (2). Those sprays are most effective when applied to the 
trees at the early stage of acid accumulation before the free-acid concentra- 
tion has reached a maximum in the fruit. Since the decrease in concentra- 
tion during the maturation period is relative to the increase in volume, it 
would be interesting to study the effect of sprays applied at this period. 


Summary 


The organic acids of grapefruit juice are citric and malice acids. The 
total acid content precipitated from grapefruit juice by lead acetate is equal 
to the sum of the citric and malic acids. The titration curve of grapefruit 
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juice is very similar to that of a pure citric acid solution, provided a correc- 
tion is made for the combined acid naturally occurring in the juice. There 
is a definite relation between the pH and the amount of acid in the salt or 
combined form. The small fluctuations in pH of mature grapefruit juice are 
correlated with the large ratio of free acid/combined acid. 

The free acids decreased and the pH of the juice increased with inerease 
in fruit size. The decrease of the free-acid concentration in grapefruit dur- 
ing development is due chiefly to the increase in fruit size rather than to a 
change in the absolute amount of free acid per fruit. 

The alkalinity of the ash is a measure of the base-forming capacity of the 
juice, as well as a measure of the cations combined with the organie acids. 
In grapefruit juice, more than 50 per cent. of the total cations are utilized 
in the formation of the organic acid salts, as compared to more than 70 per 
cent. in the juice of Valencia and navel oranges. A large increase in avail- 
able cations from soil fertilization would produce a limited increase in com- 
bined acid and little decrease in juice acidity. 
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EFFECTS OF VARIOUS AGENTS ON THE STRUCTURAL 
VISCOSITY OF ELODEA PROTOPLASM! 


HENRY T. NORTHEN 


Ethylene chlorhydrin, thiourea, and‘the fat solvent anesthetics, when 
used in certain concentrations and exposures are often effective in breaking 
rest periods in plants (8, 13). These agents may also modify the rates of 
respiration and polysaccharide hydrolysis. The rates of such processes are 
frequently increased when plants are treated with relatively low concentra- 
tions and decreased when treated with higher ones (3, 6, 7, 8, 10, 13, 14, 17, 
18, 19). It has been suggested (23) that the breaking of rest periods and 
accelerated rates of respiration, polysaccharide hydrolysis, imbibition, and 
permeability are a consequence of a dissociation (disaggregation) of proto- 
plasmic proteins and that the retarded rates which result from longer expo- 
sures or higher concentrations are conditioned by an association (aggrega- 
tion) of protoplasmic proteins. 

The data presented later indicate that in certain concentrations ethylene 
chlorhydrin, thiourea, and the fat solvent anesthetics diminish the structural 
viscosity of protoplasm in leaf cells of Elodea. Decreases in structural vis- 
cosity are presumed to result from a dissociation of protoplasmic proteins 
(23). 

Exposures to low temperatures may also influence plants by breaking 
rest periods (4) and altering the course and rate of development (vernali- 
zation). It will be shown that a temperature of 3° C. conditions a decrease 
in the structural viscosity of Elodea protoplasm. 

As yet there is no general agreement as to the réle of copper and zine in 
the metabolism of plants, although it is known that in traces they accelerate 
one or more plant activities and in larger quantities they are toxic (2). In 
relatively low concentrations these metals lower protoplasmic viscosity 
whereas in higher concentrations they increase it. 


Materials and methods 


For each experiment (tables I and II) one whorl of Elodea leaves was 
placed in tap water, which was used except as specified in the tables, and the 
adjacent whorl was placed in the experimental solution made up with tap 
water unless otherwise indicated. The above procedure was repeated with 
three other plants, thus giving a sample of four whorls of leaves for the 
experimental group and an equal number for the control group. 

After the desired time of immersion at room temperature (approximately 
21° C.), the control and experimental whorls were placed on cotton wet with 
water for the controls and the appropriate solution for the experimental 
group. After inserting the cotton wads in centrifuge tubes, the leaves were 

1 Contributions from the Department of Botany and the Rocky Mountain Herbarium 
of the University of Wyoming, no. 200. 
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centrifuged with an acceleration of 680 x gravity for 90 seconds, an accelera- 
tion which usually displaced the chloroplasts only in cells at the base of the 
control leaves. In each experiment the control and experimental groups 
were centrifuged synchronously. Following centrifugation one leaf from 


. 












































TABLE I 
EFFECTS OF VARIOUS AGENTS ON THE STRUCTURAL VISCOSITY OF ELODEA PROTOPLASM 
PERCENTAGE DIFFERENCES BETWEEN CONTROL 
AND EXPERIMENTAL GROUPS WHEN 
AGENT CONCENTRATION EXPOSED FOR 
15 MIN. | 30 MIN. 60 MIN. 120 MIN. 
—____—_—_;—__—— abies 

Ethylene chlorhydrin 0.5% — 36* — 36 Pc 35 

(anhydrous) 1.0 — 53 — 68 — 35 
2.0 ae ~ 60 -91 - 69 
5.0 | +3 | +12 +15 +18 
10.0 | +12 +15 +12 +15 
Thiourea 1.0% - 32 - 3 + 3 0 
2.0 — 67 | — 62 — 63 — 42 

wa — O45 | 

3.0 9 95 87 
Ether (anhydrous) 2.0% - 38 — 40 — 24 -— 40 
3.0 — 56 —42 — 45 | —52 

4.0 a Ee ae i 1 
6.0 + 2 +13 + 6 0 
Ethyl aleohol 3.0% |} 57 — 42 — 50 ar 52 
6.0 — 55 — 86 -72 — 64 
12.0 — 46 —14 - 3 — 24 

15.0 +39 + 40 +42 | 
Propyl aleohol 1.75% — 85 — 51 — 64 — 20 
(normal) 3.50 | a — 94 — 88 | —83 
7.00 | ‘ee 4 +14 | +15 
Butyl alcohol 0.75% -67 | -57 -35 | 21 
(normal) 1.50 | — 83 84 —74 — 54 

3.00 -: 
Sucrose | 0.6M |} -95 | -99 -97 | -92 

KCl 0.3 M — 84 — 95 -7 =| 
CuCl, - 2H,O in dis- 0.00001IM | - 3 Zak. i rae eee 
tilled water 0.00005 ~ —12 — 6 — 38 
0.0001 - 8 — 4] — 62 -47 
0.001 —70 60 + 6 +14 

0.01 Ss oe + 8 
CuCl, 2H,O in tap | 0.0001 M -72 — 65 — 60 — 26 
water 0.001 -78 - 53 5 
0.01 | = ¥ 0 
ZnSO,-7H.O in dis- 0.0001 | - 2 - 3 0 - 38 
tilled water 0.0005 -—10 ~16 — 28 —~ 26 
0.001 - 1 - 7 ~%. (4 =f 
0.01 |} -17 -41 -35 | +1 
Temp. of 3° C. — 84 -77 | -8 | -81 
* Minus (—) indicates a decrease in viscosity; plus (+) an increase. 


each of the four whorls of the experimental and control groups was mounted 
in seventy per cent. alcohol. For the first trials two leaves from each whorl 
were mounted, but as the two leaves gave similar results in later experiments 
only one leaf from each whorl was used. Subsequently the approximate 
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percentages of cells in which the chloroplasts had been displaced (moved to 
the centrifugal wall) were determined. Each experiment was repeated at 
least once and the leaves, following centrifugation, were examined to deter- 
mine if there was general agreement with the previous trial. The repetitions 
gave comparable results in all instances. 


Results 
The data are summarized in tables I and II. Each figure in the columns 
represents the difference between the average percentage of displacement 
noted in the control group and in the corresponding experimental group. 
For example, the average percentage of cells in which the chloroplasts were 
displaced in the four water control leaves which were centrifuged at the same 
time as the four leaves which had been treated with 0.5 per cent. ethylene 


TABLE II 


EFFECTS OF VARIOUS AGENTS ON THE STRUCTURAL VISCOSITY OF ELODEA PROTOPLASM 








PERCENTAGE DIFFERENCES BETWEEN CONTROL 
AND EXPERIMENTAL GROUPS WHEN 























AGENT CONCENTRATION EXPOSED FOR 
1 MIN. | 2 MIN. 5 MIN. | 10 MIN. 
ieee Os Se PRY Ss,’ ! 
Ethylene chlorhydrin 5.0% — 67 — 68 — 64 +25 
Ether 6.0% — 30 
Ethyl alcohol 15.0% —78 — 65 -—42 
18.0 — 54 — 45 +13 + 25 
Propy! alcohol | 7.0% — 89 ae — 82 
| — 93 — 30 
CuCl, - 2H,O in dis- 


Butyl aleohol 3.0% 
tilled water | 


0.01 M | — 26 = 47 
| 








chlorhydrin for 30 minutes was 12 per cent. whereas in the leaves treated 
with ethylene chlorhydrin the chloroplasts were displaced in 48 per cent. of 
the cells. The difference, 36 per cent., is the figure recorded in the table. 
Negative figures indicate that there was less displacement in the controls 
than in the experimental leaves and positive numbers indicate that the dis- 
placement was greater in the controls. Accordingly negative values indicate 
decreases in protoplasmic viscosity and positive ones increases. 

The data in tables I and II disclose that ethylene chlorhydrin, thiourea, 
ether, ethyl alcohol, propyl alcohol, butyl alcohol, cupric chloride, and zine 
sulphate lower the structural viscosity of the protoplasm when used in rela- 
tively low concentrations or relatively high concentrations for short periods 
of time. On the other hand, when higher concentrations were used, except 
with thiourea, the initial decrease was followed by an increase to at least 
normal and in some eases to higher than normal. 

The 0.6 molal sucrose and 0.3 molal potassium chloride plasmolyzed the 
cells. Such plasmolysis induced a striking decrease in the viscosity of the 
protoplasm. 
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The viscosity was much less in cells maintained at 3° C. for periods rang- 
ing from 15 minutes to 2 hours than in cells maintained at room temperature, 
21° C. Cells maintained and centrifuged at 3° C. invariably showed a 
greater percentage of chloroplast displacement than did the controls (those 
maintained at 21° C.), which were centrifuged at the same time. 


Discussion 


Long ago HUXLEY suggested that protoplasm, wherever located, was simi- 
lar in many particulars. If this be true, the living substance, irrespective 
of the body in which contained, may respond in like manner to applied 
agents. 

Fat solvent anesthetics affect protoplasm in various organisms in a simi- 
lar manner, decreasing the protoplasmic viscosity in certain concentrations 
and increasing it in higher ones (5, 11, 12, 26). Some of the concentrations 
and exposures used in this investigation were the same as those used by 
Daveuerty (5) in her studies of Amoeba protoplasm. The results, de- 
ereased viscosities, obtained by her for the cortical gel of Amoeba are like 
those obtained for Elodea when concentrations of 6 per cent. ethyl alcohol, 
3.5 per cent. propyl alcohol, 1.5 per cent. butyl alcohol, and 2 per cent. ether 
were used. Daugherty did not use higher concentrations. When Elodea 
cells were treated with high concentrations an initial decrease was soon fol- 
lowed by an increase in viscosity, and such results are like those obtained 
with Spirogyra (20). 

. With respect to the effects of copper on protoplasmic viscosity, the only 
previous complete study, one in which several concentrations were used for 
different intervals, is that of ANGERER (1) who noted that with concentra- 
tions of cupric chloride less than 10-* molar the protoplasmic viscosity of sea 
urchin eggs decreased after a latent period whereas with longer time inter- 
vals the viscosity increased. Because the protoplasm of Elodea reacted like- 
wise, copper probably affected these apparently unrelated protoplasms in a 
similar manner. 

TimMeEL (25) working with Caltha and NortHen (22) with Spirogyra 
previously noted that plasmolysis decreases protoplasmic viscosity, a result 
in agreement with that presented in this paper. 

In contrast to the similar responses of different kinds of protoplasm to 
fat solvent anesthetics, cupric chloride, and hypertonic solutions, the re- 
sponse of protoplasm to low temperature is not identical in the various organ- 
isms that have been studied or the methods of applying low temperatures 
have not been the same. According to HEMBRUNN (12) some types of proto- 
plasm show a regular increase in viscosity with diminishing temperature 
whereas other types may exhibit a decrease in viscosity as the temperature 
is lowered in a given range. The protoplasm of Spirogyra is probably of 
the first type (21) whereas the cortex of Amoeba proteus is an example of 
the second type. When Amoeba were maintained in culture fluid the vis- 
cosity increased as the temperature was raised from 3° C. to 7° C., but with 
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further increase up to 33° C. the viscosity decreased (24). However, at 
20° C. the viscosity was higher than at 3° C., a result which is in agreement 
with that obtained for Elodea. 

Ethylene chlorhydrin and thiourea in appropriate concentrations de- 
crease the structural viscosity of Elodea protoplasm (tables I and II). The 
data of Marcy (16), who studied the effects of ethylene chlorhydrin and 
thiourea on protoplasmic streaming, may be considered in accord with the 
data presented. She noted an acceleration of protoplasmic streaming in 
cells of Nitella and Elodea which had been immersed for 2 hours in 1 per 
cent. ethylene chlorhydrin and 1 per cent. thiourea. Such increased stream- 
ing may indicate that the viscosity of the protoplasm had been decreased. 

Many of the chemicals used in this investigation not only affect proto- 
plasm, but they also influence the rates of such processes as respiration, poly- 
saccharide hydrolysis, imbibition, and permeability, generally conditioning 
increased rates when used in appropriate concentrations and decreased rates 
when used in higher ones (3, 6, 7, 8, 9, 10, 13, 14, 15, 17, 18,19). In addition 
many of the agents are effective in breaking rest periods. It is believed (23) 
that the agents do not directly affect the processes mentioned but that the 
rates are influenced by the alterations of protoplasm, being increased when 
the protoplasmic viscosity is lowered and decreased when the viscosity is 
increased. 

The decreases in structural viscosity recorded in this paper probably 
result from a dissociation of the protoplasmic proteins (that is, the splitting 
of large protein molecules into units of smaller size). NortTHEN hypothe- 
sized (23) that such dissociation often conditions increases in the rates of 
such processes as respiration, imbibition, permeability, polysaccharide hy- 
drolysis, and under some conditions the dissociation may be primarily re- 
sponsible for the breaking of rest periods. The idea that a disaggregation 
of cell colloids (resulting in a greater dispersion) hastens the rates of many 
cellular processes is a rather old and well-established hypothesis. NorTHEN’s 
concept augments this older idea in that he recognizes that dissociation not 
only inereases the surface, but it may also result in the liberation of enzymes 
from their previous combinations and in the formation of enzyme activators 
such as sulfhydryl groups. 

Summary 


The centrifuge method was used to determine the effects of various agents 
on protoplasmic viscosity in cells of Elodea. Concentrations of 2 per cent. 
ethylene chlorhydrin, 3 per cent. thiourea, 4 per cent. ether, 6 per cent. ethyl 
alcohol, 3.5 per cent. propy! alcohol, 1.5 per cent. butyl aleohol, 0.0001 molal 
cupric chloride, and 0.001 molal zine sulphate conditioned decreases in the 
structural viscosity when the exposures were two hours or less. Decreases in 
viscosity were presumed to result from dissociations of protoplasmic pro- 
teins. Concentrations one-half of those listed above also decreased the vis- 
eosity, while with concentrations greater than those mentioned an initial 
decrease in viscosity was usually followed by an increase. 
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Plasmolysis with 0.6 molal sucrose or 0.3 molal potassium chloride in- 
duced a decrease in viscosity. 

The protoplasmic viscosity was lower at a temperature of 3° C. than it 
was at 21° C. 
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THE SOLUBLE NITROGEN FRACTIONS OF POTATO 
TUBERS; THE AMIDES" 


F.C. STEWARD? anvd H. E. STREET 


(WITH SIX FIGURES) 


Of the total nitrogen present in potato tubers, approximately two-thirds 
is in the form of compounds which are extractable by 70 per cent. alcohol. 
This paper deals with the nature of these soluble nitrogen compounds and 
more particularly with the amides. Although the amides are among the 
simplest substances in the soluble nitrogen fractions, complete account of 
them can only be rendered after somewhat laborious experiment. Further- 
more these relatively simple substances, which are present in but small 
quarftity in the tissue, command a degree of interest which is not over- 
shadowed by the more complex nitrogenous compounds which are present 
in greater quantity in the cells. Indeed, the behavior of the amide-N frac- 
tion emerged as one of the outstanding features of the nitrogen metabolism 
of potato cells under conditions such that they possess a high degree of 
metabolic activity and are able to synthesize protein as well as to exhibit 
many other signs of vital activity—including a renewed ability to absorb 
and accumulate salts from dilute solutions. 

Using the potato tuber as experimental material and a technique of 
controlling those external variables which determine the behavior of the 
cells, a first broad survey of the biochemistry of the tissue under conditions 
conducive to salt absorption has been made (49, 50,51). Attention has been 
focused upon the inter-relations between salts, aerobic respiration, protein 
synthesis, and the effect on these several processes of changes in tempera- 
ture, in oxygen supply, and in the nature and concentration of salts in the 
external solution. The synthesis of protein from the simpler nitrogen com- 
pounds is the predominant feature of the recrudescence of vital activity 
in these cells, and it has to be recognized that in the ultimate connection 
between protein synthesis, respiration, and salt absorption there must lie 
the clue to much that is not yet known about all these processes and, indeed, 
about the living system. 

Hitherto the biochemical survey has relied upon indirect evidence drawn 
from quantitative analysis of a variety of nitrogen fractions; e.g., total 
nitrogen, soluble nitrogen, and the latter subdivided into amino-nitrogen 
and amide-nitrogen. From such data it was, however, possible to infer that 
the soluble nitrogen fraction of potato parenchyma contained certain amides 
in addition to the amino-acids which were responsible for much of the buffer 
capacity of the expressed sap at pH 8 to 10. Moreover, the amide groups 
were of two kinds: the one relatively stable, as in the case of asparagine; 


1 This is the fifth of a series of papers dealing with the biochemistry of salt absorp- 
tion by plants. 


2 Temporarily attached to the Botany Department, University of Chicago. 
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the other, ‘‘easily hydrolyzable’’ as in the case of glutamine. Therefore, to 
understand the course of protein synthesis and the way in which the “‘easily 
hydrolyzable amide’’ responded to experimental conditions the more critical 
identification and isolation of the ‘‘easily hydrolyzable amide’’ was regarded 
(49) as an ‘‘essential part of future work.’’ 

It is the primary purpose of this paper to establish the identity of the 
amides of potato tuber and to suggest such refinements as are now known 
to be necessary in the methods for their indirect analysis. Ultimately it 
may be necessary to furnish a similar account of the other alcohol-soluble 
nitrogen compounds of potato tuber. Thus, bit by bit, the biochemical evi- 
dence describes the molecular machinery with which the work of the cell 
is carried on, just as cell cytology and the investigation of protoplasm, its 
membranes and vacuoles, presents a picture of the milieu in which it 
operates. - 

In a study of the nitrogenous constituents of alfalfa Vickery (56) 
accounted for 35 per cent. of the total amide as crystalline asparagine but 
was unable to isolate any glutamine. This strengthened the possibility, 
first envisaged by ScHuLzE and BossHArp (47), that amides other than 
asparagine and glutamine might occur in plants. Vickery (58) emphasized 
that it has been the experience of all who have attempted to determine the 
chemical nature of the amides found in plants that the yield of crystalline 
amides (asparagine and glutamine) fell far short of the quantity to be 
expected from their amide nitrogen content, and he considered it probable 
that other amides, particularly the amides of allied amino-acids, occur in 
plants. Hitherto the most complete account of total amide nitrogen in terms 
of crystalline asparagine and glutamine is that reported by Vickery (59). 
Crystalline asparagine was obtained in quantity from tobacco leaves equiva- 
lent to 73.9 per cent. of that in an aqueous extract of the leaves and to 92.8 
per cent. of that contained in the mercuric nitrate precipitate. The corre- 
sponding figures for glutamine were 42.6 and 65.7 per cent. The possibility 
of the presence of another amide or amide-like substance, therefore, re- 
mained open and was, in this particular instance, strengthened by the ob- 
servations of VickERY, PucHER, LEAVENWORTH, WAKEMAN, and Nouan (65) 
on the nitrogenous compounds present in the stem of the tobacco plant. 
The possible occurrence of amides other than asparagine and glutamine lent 
additional interest to the examination of the easily hydrolyzable amide 
fraction of the potato tuber and especially so because StewarD and PRESTON 
(49) noted that the decrease in amino-N (Van Slyke) in their ‘‘hot’’ aleo- 
holic extracts as compared with their ‘‘cold’’ alcoholic extracts, was not 


identical with the decrease expected if this were due to the hydrolysis of 
glutamine during the preparation of the ‘‘hot’’ extracts. 

The experimental work now reported falls into three parts. The first 
part consists of a critical re-examination of the analytical procedures used 
to estimate the soluble nitrogen fractions of the potato tuber. In the second 
part the isolation of the crystalline amides from potato tuber is described. 
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The third part deals with the separation of these amides as pure substances 
and their final chemical identification. A fourth section summarizes present 
views on the role of acid amides in plant metabolism. 

King Edward potato tubers were used for this work. The potatoes 
were peeled and cylinders of medulla removed along the long axis. From 
these cylinders dises were cut, 2 em. in diameter and 1 to 2 mm. in thick- 
ness. The discs, previously blotted and weighed, were either used for the 
immediate preparation of extracts or dried. The blotted discs were dried 
in a vacuum oven at 80—-90° C. for one hour and then at 60° C. for 24 hours. 
In this investigation the protracted use of living discs under experimental 
conditions was not in question. Therefore, the fastidious control of dise 
thickness, as in the salt absorption experiments (49), was not practiced. 


Analysis of the nitrogen fractions of potato tuber 
TOTAL NITROGEN 


Total nitrogen was determined by a micro-Kjeldahl-Gunning digestion 
with copper selenite (5) as catalyst. The ammonia was distilled in a Pregl 
micro-Kjeldahl distillation apparatus, absorbed in N /50 sulphuric acid and 
titrated as described under the determination of ammonia-N. The results 
so obtained were compared with those by use of the reduced iron method 
(41), adapted to a micro scale. Nitrate-N was determined by reduction 
with Devarda’s alloy, using the residues from the total amide determina- 
tions. The quantity of nitrate-N present in the tubers was small, ranging 
from 0.03 to 0.08 mgm. N per gm. fresh tissue. The total-N by the reduced 
iron method exceeded that by the Kjeldahl-Gunning method by the equiva- 
lent of the nitrate-N. 


NITROGEN EXTRACTED BY WATER 


The present work is concerned primarily with the simpler nitrogen 
fractions and only indirectly with the protein-N moiety. In the previous 
biochemical survey, to which reference has been made, the protein-N content 
of the tuber was determined as that part of the total-N which is insoluble 
in alcohol, and this was checked against the determination of protein-N by 
the trichloracetic acid method. It was shown that changes in the protein-N 
content which resulted from experimental treatments were the same in 
kind and almost identical in quantity whichever of these methods was used 
to determine protein-N. For convenience of extraction, therefore, the alco- 
hol method was preferred. 

Water, or more strictly the dilute solution resulting from the diluted 
cell sap, extracts 91 to 93 per cent. of the total-N of the fresh tissue but only 
75 to 78 per cent. of the total-N of the dried tissue. In other words some 
part, presumably of the globulin, is ‘‘denatured’’ during drying and is 
rendered less soluble in dilute salt solution. 

That part of the protein which is extracted from the dry tissue by water’ 
was made the subject of a comparison of various protein precipitants. The 
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techniques used were: rapid heating to 80° C., maintaining at that tempera- 
ture for 10 minutes and then rapidly cooling, as recommended by VicKEry, 
PucuHer, CLARK, CHIBNALL, and WesTAuu (63), and replacing the water lost 
during the heating as necessary; precipitation by (a) acetic acid and (b) 
colloidal iron as described by THomAs (52) ; precipitation by trichloracetic 
acid by a method based on GrEENWALD (21), Hmier and Van StyKe (25) 
and THomas (52) ; precipitation by cupric hydroxide after the methods of 
Hart and Bentiey (23) and of Buisn (2); precipitation by aleohol added 
to 70 per cent. concentration. 

From three concordant series of comparisons the various protein pre- 
cipitants could be arranged in ascending order of the nitrogen precipitated 
from aqueous extracts of tissue. Expressing the nitrogen precipitated as 
mgm. nitrogen per gm. of fresh tissue, the order is as follows: heat coagula- 
tion (0.17 gm. N per gm.) < acetic acid (0.19 mgm. N) < 0.2 or 2.5 per 
cent. trichloracetic acid (0.22 mgm. N) colloidal iron (0.25 mgm. N) < eu- 
pric hydroxide (0.27 mgm. N) < 70 per cent. aleohol (0.29 mgm. N) < tung- 
stic acid (0.31 mgm. N). 

The method of heating to 80° C. for 10 minutes was chosen as the general 
method of removing protein to avoid contaminating the extracts with other 
reagents as it had the added advantage that it caused no change in the 
amide content of the extracts and very little release of ammonia-N. 

As shown by the nitrogen coagulated by heat, aqueous extracts of fresh 
tissue contain much more protein than extracts of dried tissue. The 
protein-N of various aqueous extracts made from fresh tissue during the 
course of this work ranged from 0.71 mgm. per gm. of tissue to 0.80 mgm. 
per gm. whereas the nitrogen content of the aqueous extracts of dried tissue 
ranged from 0.18 to 0.26 mgm. N per mg. of tissue. Therefore, the possi- 
bility is that even after heat coagulation the aqueous extracts of the fresh 
tissue still contained quantities of protein-N which would have been excluded 
by other precipitants, such as 70 per cent. aleohol. As, however, the amides, 
with which this work is primarily concerned, are sparingly soluble in 70 
per cent. alcohol it was desirable to avoid this as solvent for the soluble-N 
and as precipitant for protein-N. As will become clear, there is no reason 
to believe that the possible presence of protein in the extracts after heat 
coagulation affects the determination of the amide fractions appreciably ; 
although it does bear upon the fact that a quantitative account of the 
soluble-N fraction in terms of ammonia-, amide-, and amino-N is not possible 
on the aqueous extracts, and that the discrepancy is greater if the extract 
has been made from fresh rather than from dried tissue (table I). On the 
contrary it does become possible to account for the soluble-N in terms of am- 
monia-, amide-, and amino-N when the aqueous extracts (freed from heat 
coagulable protein) are purified, and it is immediately possible to give a 
satisfactory account of the alcohol-soluble nitrogen in this way (tables II, 
V) as Stewarp and Preston (49) showed. There is every reason, there- 
fore, to believe that the aqueous extracts contain complex nitrogen com- 
pounds (protein or peptides) which are not coagulable by heat. 
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Table I shows the effect on the various nitrogen fractions of drying the 
tissue before it was extracted with water. Heat-coagulable protein was 
removed before determining the other fractions. Drying before extraction 
inereases the quantity of the soluble nitrogen fractions extracted by water; 
the relative effect is greatest on the ammonia fraction though the absolute 
amounts involved are small. Both ‘‘easily hydrolyzable amide’’ and 
asaparagine amide fractions are but little affected by previous drying of 
the tissue though the true amino-fraction (Van Slyke amino-N corrected 
for 80 per cent. of the easily hydrolyzable amide-N) in water extracts is 
significantly increased by drying before extraction. Drying seems, there- 
fore, to be accompanied by protein degradation with the release of amino- 
compounds soluble in water, or dilute salt solutions, but the concomitant 
effect of drying on the amide fractions is small. 


EFFECT OF WASHING THE DISCS 


The moisture content of different batches of fresh tissue used in various 
extractions ranged from 76.6 to 81.8 per cent.; that of tissue washed in run- 
ning tap water for 24 hours ranged from 83 to 87.3 per cent. The total-N 
of the fresh tissue ranged from 0.26 to 0.33 per cent. of its fresh weight of 
which 66.7 per cent. was non-protein-N. Washing the dises in running 
tap water for 24 hours caused a loss of 18 to 20 per cent. of the non-protein-N, 
70 per cent. of this loss being due to amino-N (Van Slyke). This confirms 
an earlier presumption, on indirect evidence, that one effect of washing the 
dises was to cause some loss of amino-acids from the cell sap (48a). 


COMPARISON OF AQUEOUS AND ALCOHOLIC EXTRACTS 
OF POTATO TISSUE 


Aqueous and alcoholic extracts of the fresh and dried material were 
prepared. The aqueous extracts were prepared by methods based on those 
of CHIBNALL (6), VickERY, PucHER, CLARK, CHIBNALL, and WEsTALL (63), 
and of PucHER and Vickery (42). The methods used to prepare the alco- 
holic extracts were essentially similar, 70 per cent. alcohol being used as 
solvent since it was known that stronger alcohols were likely to hinder the 
extraction of the simpler nitrogenous substances. The methods of extrac- 
tion used did not attempt to exhaust the material. In all cases the tissue- 
solvent mixture was adjusted to a definite volume and then an aliquot of 
the filtrate taken for analysis. Extraction is therefore ‘‘complete’’ if the 
concentration of the fractions concerned is the same in the aliquots as in the 
tissue-solvent mixture. The following methods of extraction were adopted. 

AQUEOUS EXTRACTS OF THE FRESH TISSUE.—Twenty grams of fresh tissue, 
cut in dises, was pounded in a mortar and the juice poured off into a 100-ml. 
flask. The pounding was continued adding successive quantities of water 
to the crushed tissue which was finally transferred to the 100-ml. flask and 
the mortar washed out with water to adjust the total volume of the mixture 
to 100 ml. The mixture was shaken for 4 hour, allowed to settle, and the 
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upper clear liquid strained off through fine silk. This liquid was then 
rapidly heated to 80° C. for 10 minutes, rapidly cooled, and then filtered 
through paper. Five ml. of this extract were equivalent to 1 gram of 
fresh tissue. 

AQUEOUS EXTRACTS OF THE DRIED MATERIAL.—A weighed amount of the 
dried material in no. 60 powder was placed in a 100-ml. flask, 70 ml. of 
water added, and the flask and contents stored at 5° C. for 18 hours, shaking 
oceasionally. At the end of this period the flask and contents were allowed 
to reach room temperature, the volume of the contents adjusted to 100 ml. 
with water, stored for a further 2 hours at 5° C., shaking occasionally, and 
then rapidly filtered through paper. The clear filtrate was rapidly heated 
to 80° C. for 10 minutes, rapidly cooled, and then filtered. 

These methods of preparing aqueous extracts from fresh and dried tissue 
were found to give consistent results for ammonia-N, if the proportion of 
tissue to extract did not exceed 0.4 gm. of fresh tissue to 1 ml. of extract. 
In preparing extracts for analysis STEwarD and PREsToN previously used 
much more solvent than this per gm. of tissue. 

ALCOHOLIC EXTRACTS OF THE FRESH TISSUE.—Twenty grams of the fresh 
tissue dises were covered with 48 ml. of 95 per cent. alcohol and allowed to 
stand for 18 hours at 5° C., shaking occasionally. The clear, yellow, super- 
natant liquid was poured off into a 100-ml. flask and the tissue residue 
pounded with 70 per cent. alcohol in a mortar. The mortar was washed 
and the pounded tissue transferred to the 100-ml. flask with sufficient 70 
per cent. aleohol to adjust the volume of the tissue-solvent mixture to 100 
ml.; the suspension was then shaken for 4 hour and filtered. 

ALCOHOLIC EXTRACTS OF THE DRIED MATERIAL.—These extracts were pre- 
pared exactly as the aqueous extracts of dried material, except that 70 per 
cent. alcohol was used as solvent in place of water. 

The alcoholic extracts, when compared with aqueous extracts prepared at 
the same time from the same stock of fresh or dried material, gave lower 
values for easily hydrolyzable amide, asparagine-amide, and total-soluble-N 
(table II). The amides were incompletely extracted by 70 per cent. aleohol 
at a ‘‘concentration’’ of 0.1 grams of fresh tissue to 1 ml. of extract. At 
greater proportions of tissue to extract 70 per cent. alcohol was markedly 
less efficient as a solvent for the amide nitrogen fractions. Furthermore, 
the presence of the alcohol interfered with the subsequent estimation of the 
easily hydrolyzable amide-N giving a low value. This effect made it at first 
appear that the main loss of amide-N on extraction with 70 per cent. aleohol 
was due to incomplete extraction of the easily hydrolyzable amide-N portion. 
However, even when the aleohol was removed at 40° C. in vacuo prior to the 
analysis of the extracts, it is seen that both amides are incompletely ex- 
tracted (table IT). 

It is clear, therefore, that tests for complete extraction of the amides 
should always be made whenever cold 70 per cent. alcohol is to be adopted 
as a solvent for the nitrogenous constituents of plant material. 
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DETERMINATION OF AMMONIA NITROGEN 


Ammouia-N was determined by distillation in vacuo at 40° C. according 
to the method of Vickery, PucHErR, and LEAVENWorTH (64), using in each 
determination a quantity of extract equivalent to 2 gm. or more of fresh 
tissue. The ammonia was absorbed in 5 ml. of N/50 sulphurie acid. The 
excess acid was titrated against N/100 sodium hydroxide using 3 drops of 
Tashiro’s indicator.’ In each determination the ammonia was equivalent 
to not less than 0.2 ml. N/100 sodium hydroxide. Duplicate readings agree- 
ing to 0.02 ml. N/100 sodium hydroxide could be obtained over the whole 
range (0.014-2.8 mgm. N) used in the trials. Using this method the fresh 
tissue was found to contain 0.001-0.016 mgm. ammonia-N per gm.; the dried 
material contained 0.03—0.08 mgm. ammonia-N per gm. fresh tissue. Similar 
values were obtained using an aeration apparatus as described by Woour 
(72). Distillation in the Pregl micro-Kjeldahl distillation apparatus gave 
higher values for the ammonia-N. 

The buffered alkaline mixture of PucHrer, Vickery, and LEAVENWORTH 
or an excess of magnesium oxide produced distillation mixtures of pH 9.68 
to 9.74 and these gave, under the same distillation conditions, similar values 
for ammonia-N. Excess of calcium oxide gave a distillation mixture of pH 
about 12.3, and this increased the apparent ammonia-N content (table ITT). 

To reveal the source of the increase of ammonia-N resulting from dis- 
tillation of aqueous extracts in the micro-Kjeldahl apparatus as compared 
with distillation under reduced pressure at 40° C., the extracts were ana- 
lyzed subsequent to the ammonia determinations. The higher values for 
ammonia-N were correlated with lower values for easily hydrolyzable amide 
and asparagine-amide-N. Although the absolute increase in ammonia-N 
consequent upon distillation in the micro-Kjeldahl apparstus was small it 
could be accounted for to the extent of 80 per cent. by a concomitant decrease 
in amide-N, and, as this was also associated with some loss of amino-N (Van 
Slyke), it was evident that the glutamine-like amide was being affected by 
these distillation conditions. 


DETERMINATION OF TOTAL AMIDE NITROGEN 


The method used for the determination of total amide-N was based on 
that of Vickery, Pucner, and LEAveENwortH (64). The hydrolysis was 
conducted in the hydrolyzing tubes described later under the method for 
‘easily hydrolyzable amide-N.’’ The ammonia was recovered by distilla- 
tion at 40° C. in vacuo as described in the previous section. 

The content of asparagine amide-N was determined as the difference 
between total amide-N and the ‘‘easily hydrolyzable amide-N.’’ The econ- 
tent of asparagine amide-N so calculated will represent the free asparagine 
present in the tissues provided that no polypeptides, containing amide 
groups, are present in the extracts and suffer hydrolysis under the condi- 
tions employed. 


3 One hundred ml. of 0.02 per cent. methyl red in 50 per cent. alcohol plus 15 ml. of 
0.1 per cent. methylene blue in water. 
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The tissue contained from 0.42 to 0.66 mgm. total amide-N per gram fresh 
tissue and 0.23 to 0.40 mgm. asparagine amide-N per gram of fresh tissue. 


DETERMINATION OF EASILY HYDROLYZABLE AMIDE NITROGEN 


The tissue extracts were submitted to the mild hydrolysis employed by 
VICKERY, PUCHER, CLARK, CHIBNALL, and WestTaLu (63) for the estimation 
of glutamine. The hydrolysis was performed in 25 x 200 mm. Pyrex thick- 
walled test tubes, closed with a rubber stopper carrying an air condenser 
constructed of 30 inches of glass tubing of 4 mm. internal diameter. The 
ammonia was recovered by vacuum distillation as described above under the 
determination of ammonia nitrogen. 

The fresh tissue contained 0.15—0.28 mgm. easily hydrolyzable amide-N 
per gram of fresh tissue (average value 0.23 mgm. N per gram fresh tissue). 

This standard method for the determination of easily hydrolyzable 
amide-N was modified in various ways to see how far the conditions of 
hydrolysis of the ‘‘easily hydrolyzable amides’’ of potato tissue were iden- 
tical with those of glutamine. 

After 2 hours’ hydrolysis at pH 6.5, 99.7 per cent. hydrolysis of glu- 
tamine has occurred, and hydrolysis was complete in 2 hours; ie., the in- 
erease in glutamine amide-N on prolonging the hydrolysis from 2 to 3 hours 
was only 0.3 per cent. A glutamine-asparagine solution was prepared with 
an amide content comparable to that of the potato extracts. If the hydroly- 
sis of this solution was prolonged from 2 to 3 and 4 hours, the increases 
obtained were 1.4 and 3.0 per cent., respectively. Crystalline mixtures 
(45.III) were selected because they contained the easily hydrolyzable amides 
and asparagine-amide in similar proportions to that in the tissue. The yield 
of easily hydrolyzable amide-N was increased by prolonging the hydrolysis 
from 2.0 to 3,0 and 4.0 hours by only 2.0 and 3.8 per cent., respectively. So- 
lutions obtained by liberating the nitrogen compounds from mercuric nitrate 
precipitates responded to hydrolysis prolonged from 2.0 to 3.0 hours by an 
increase of 2.9 and 4.0 per cent., respectively, in the yield of easily hydroly- 
zable amide-N. The easily hydrolyzable amide nitrogen of various aqueous 
extracts of potato tuber tissue increased with the period of hydrolysis from 
two hours to three and four hours by increases of 6.0 and 8.5 per cent., 
respectively, in the amide as so determined. Clearly the more purified the 
extracts become, the more closely does the time required to hydrolyze the 
easily hydrolyzable amide resemble that expected from glutamine in contact 
only with asparagine. 

The hydrolysis of the easily hydrolyzable amides of potato tissue and 
of glutamine were both retarded by alcohol to a similar extent. 

If the concentration of alcohol in the hydrolyzing solution was about 23 
per cent. (as when using extracts containing 70 per cent. alcohol) the 
hydrolysis after 2 hours’ heating had proceeded to the extent of 86 per cent. 
in the case of a solution of pure glutamine; whereas for the easily hydroly- 
zable amides in the tissue extracts it had proceeded to the extent of 71 to 
80 per cent. 
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Therefore, for the analysis of amides the alcohol must be removed from 
the extracts, under conditions which do not cause decomposition of the 
unstable amide fraction; otherwise low values for easily hydrolyzable 
amide-N and correspondingly high values for asparagine amide-N will 
be obtained. 


DETERMINATION OF AMINO NITROGEN 


Amino-N was determined in the Van Slyke micro-amino-apparatus 
(53, 54) using a reaction time of 10 minutes. Extract yielding 0.7-2.0 ce. 
of nitrogen gas, freed from ammonia if necessary and acidified with acetic 
acid, was used for each test. If undue frothing occurred when the reaction 
chamber was shaken, 1 drop of toluene was added to the extract before it 
was drawn into the reaction-chamber. As recommended by the Committee 
on Methods of Analysis of the American Society of Plant Physiologists 
(1), aleohol was removed from the alcoholic extracts by distillation in vacuo 
at 40° C. prior to the determination of the amino-N. The value for amino-N 
obtained by this method is referred to as ‘‘amino-N (Van Slyke).’’ 

When the amino-N (Van Slyke) of a solution of glutamine was deter- 
mined, it was found that 91.9 per cent. of its total-N was evolved as nitrogen 
gas in 10 minutes. This corresponded to the conversion to nitrogen of 84 
per cent. of the amide group. When glutamine is submitted to hydrolysis 
at pH 6.5, under the conditions here used for the determination of easily 
hydrolyzable amide-N, it yields quantitatively ammonia and pyrrolidone- 
carboxylic acid, so that complete loss of amino-N (Van Slyke) occurs (42, 
63). Therefore, upon hydrolysis of glutamine at pH 6.5, and as shown 
by Vickery, CHIBNALL ef al. (63), the fraction 


decrease in amino-N (Van Slyke) as a result of amide hydrolysis 
easily hydrolyzable amide-N content 





has a value of 1.8. This value should be obtained with plant extracts con- 
taining glutamine, provided that no other substances are present which 
produce ammonia or change in amino-N (Van Slyke) content under the 
conditions of glutamine hydrolysis. Lower values than 1.8 would be ex- 
pected with compounds such as allantoin and urea (39, 63) or unstable 
peptides of the type prepared by Metvitie (34), which resemble glutamine 
in their stability and give, though not so markedly, high values in the Van 
Slyke amino-N determination. Thus, in presence of glutamine, the true 
amino-N ealeulated as amino-N (Van Slyke) minus 80 per cent. glutamine 
amide-N. 

The decrease in amino-N (Van Slyke) under the conditions of glutamine 
hydrolysis is additional qualitative evidence of the presence of this amide 
and serves to distinguish it from other substances such as urea and allantoin 
which give rise to ammonia on mild hydrolysis (8, 63). In the cases exam- 
ined the ratio varied from 1.47 to 1.77 (table IV). This result is consistent 
with the identity of the easily hydrolyzable amide with glutamine although 
in the work of Stewarp and Preston (49), the amino-groups seemed too 
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stable under conditions of amide hydrolysis for this hypothesis to be ae- 
cepted. In the earlier work amide-N was determined by the increase in 
ammonia-N in ‘‘hot’’ as compared with ‘‘cold’’ alcohol extracts, and it 
now seems probable that under these conditions of amide hydrolysis the 
glutamine yielded glutamic acid, wholly or in part, rather than pyrrolidone 
carboxylic acid. 

The amino-N (Van Slyke) value was normally determined on extracts 
from which ammonia had been removed under conditions which did not 
cause hydrolysis of the ‘‘easily hydrolyzable amides.’’ If, therefore, the 
easily hydrolyzable amide fractions consist entirely or mainly of glutamine 
then the amino-N (Van Slyke) value will exceed the true amino-N by an 
amount equal to 80 per cent. of the easily hydrolyzable amide-N. 

Table V shows a group of analyses in which the sum of the amino-N 
(Van Slyke), total amide-N, and ammonia-N, and this sum minus 80 per 





























TABLE IV 
THE EFFECT OF AMIDE HYDROLYSIS ON THE VALUE FOR AMINO-N (VAN SLYKE) 
NITROGEN PER GM. FRESH TISSUE 
Loss OF 
AMINO-N (VAN SLYKE) AMINO-N 
(VAN SLYKE) 
ExTRAcT EasILy AFTER AFTER AS A FRACTION 
HYDROLYZABLE AFTER HYDROLYSIS OF | HYDROLYSIS OF EASILY 
AMIDE-N REMOVAL OF THE EASILY OF THE HYDROLYZABLE 
AMMONIA-N | HYDROLYZABLE TOTAL AMIDE-N 
AMIDES AMIDES 
| mgm. mgm, mgm. mgm, mgm. 
E.29 0.26 1.54 1.07 1.29 1.69 
E.30 | 0.25 1.22 0.85 | 1.2 1.48 
E.42 0.21 1.27 0.93 | 1.60 
E.53 0.28 1.51 0.01 1.13 1.77 
E.54 0.23 1.31 0.97 1.15 1.47 
| ! —— 














cent. of the easily hydrolyzable amide-N, is expressed as a percentage of the 
total-N in the extracts after removing any heat coagulum. The sum of 
amino-N (Van Slyke), total amide-N, and ammonia-N does not account fully 
for the total soluble-N of the aqueous extracts but tends to exceed it in the 
purer extracts, the excess increasing in the series: purified aqueous ex- 
tracts < alcoholic extracts < the crystalline mixtures in ascending order of 
purity. (These mixtures were obtained in the work on the isolation of the 
amides later described herein.) When, however, the value for amino-N 
(Van Slyke) is reduced by an amount equal to 80 per cent. of the easily 
hydrolyzable amide-N the sum of true amino, amide, and ammonia-N ex- 
pressed as a percentage of the total non-protein-N increases through the 
series: aqueous extracts < purified aqueous extracts < aleohol extracts < 
erystallizations from the original mother-liquor < re-crystallized mixtures. 
The total of the soluble nitrogen fractions thus analyzed never significantly 
exceeded the total soluble-N of the extracts although it gradually’ ap- 
proached this as purification proceeded until, in the purest crystalline mix- 
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tures examined, an almost exact account of the total-N was rendered. The 
account, by the means described, of the soluble nitrogen of the alcoholic 
extracts of the tissue tended to be 7 per cent. too low (average of 3), or 
ignoring one low result, only about 2 per cent. too low. STEWARD and 
Preston (49) obtained evidence that the amide group of the easily hydroly- 
zable amide fraction reacted to the extent of 79-92 per cent. in the Van 
Slyke determination. The evidence here presented amply confirms the 
reactivity of this amide group in the Van Slyke determination and shows 
that the behavior of the tissue extracts is in close accord with that of a pure 
solution of glutamine in this respect; i.e., 80 per cent. of amide group reacts 
in Van Slyke determination. 

The true amino-N is, therefore, best estimated by correcting the Van 
Slyke amino-N on this basis. The true amino-N (amino-N (Van Slyke)— 
80 per cent. easily hydrolyzable amide-N) for all the samples of fresh tuber 
tissue which were examined fell within the limits 0.7 to 1.05 mgm. amino-N 
pergm. The dried tissue contained 1.1 to 1.35 mgm. true amino-N per gm. 
fresh tissue. The true amino-N, as thus defined, includes the amino-N 
groups of the amino acids of both stable and easily hydrolyzable amide 
fractions. 

If the amino-N (Van Slyke) was determined on aqueous extracts after 
the acid hydrolysis used in the determination of total amide-N, the values 
so obtained were lower than those obtained on the original extracts freed 
from ammonia, but they were higher than the results obtained after the 
mild hydrolysis used in the determination of the easily hydrolyzable amide-N 
(table V). This may be due to hydrolysis of peptides during the total 
amide determination or, if the easily hydrolyzable amides are glutamine, to 
inhibition of pyrrolidone carboxylic acid formation in strongly acid solu- 


tion (18). 


Isolation of crystalline amides from potato tuber 


Present methods for the isolation of acid amides from plant tissues are 
based on the pioneer researches of E. ScHvuuzE and his co-workers. SCHULZE 
employed lead acetate to clarify the plant extract and mercuric nitrate (45) 
to precipitate the amides. NEuBEeRG and Keres (37) in 1912 used mercuric 
acetate as an alternative precipitant. 

Glutamine was isolated by ScuuuzeE and BossHarp (46) in 1883 by 
treating the fresh sap of the beetroot with lead acetate and then treating 
the filtrate with a neutral solution of mercuric nitrate. VicKERY, PUCHER, 
and CuLarK (61), using the same method, obtained a quantitative yield of 
glutamine. EISENCHIMMEL (16) employed the NEuBerG and Kers reagent 
(37) to isolate glutamine from beetroot juice. 


PRECIPITATION OF NITROGEN FRACTIONS OF POTATO EXTRACTS 
WITH VARIOUS REAGENTS 


Fractionations by procedures based on those of Vickery, PUCHER, and 
CuarK (61) and of Vickery (57) were carried out to develop a method suit- 
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able for the isolation of the easily hydrolyzable amides and to see how far 
they behaved like glutamine to the precipitant used. These experiments 
showed (table VI) : 

1. The easily hydrolyzable amide-N survives lead acetate precipitation 
and is almost quantitatively removed by mercuric nitrate reagent; and on 
transfer from the mercuric nitrate precipitate, it largely escapes subsequent 
precipitation with phosphotungstic acid. The yield of this fraction as 
precipitated by the Neuberg and Kerb reagent is not as good as by mercuric 
nitrate. 

TABLE VI 


PERCENTAGE RECOVERY OF THE VARIOUS NITROGEN FRACTIONS IN PURIFIED 
EXTRACTS OF POTATO TUBER 


























RECOVERY OF THE NITROGEN FRACTIONS: NITROGEN 
FRACTION IN THE PURIFIED EXTRACT AS PER- 
CENTAGE OF THAT SAME FRACTION IN 
THE ORIGINAL AQUEOUS EXTRACT 
OF THE TUBERS 
EXTRACTS PREPARED 
EXTRACT BY DECOMPOSITION 
‘- ; CLARIFIED BY OF THE MERCURY EXTRACTS PRE- 
} ITROGEN FRACTION TREATMENT COMPOUNDS PRE- PARED FROM 
IN THE EXTRACT WITH EXCESS CIPITATED FROM PHOSPHOTUNGSTIC 
LEAD ACETATE | AQUEOUS EXTRACTS | orp PRECIPITATES 
REAGENT CLEARED BY LEAD FROM EXTRACTS 
ACETATE OBTAINED FROM 
Se SER PRECIPITATED 
MERCURIC N po ig MERCURY 
E.31| £.32 | NITRATE | ker COMPOUNDS 
REAGENT ack 
E31 REAGENT 
E.32 
] 
Le Ewe % 
Ammonia-N oo... .| 100 | 112 | 100 40 2.5 
Easily hydrolyzable amide-N ... 92 97 89 86 81 
Asparagine-amide-N .... 93 87.5 85 73 65 
DE tad, 97 96 91.5 83 62 
Sum of ammonia-, amide-, and | 
8 2a. Se | 95 90 80 64 
Total soluble-N extractedt | 93 93 65 69 50 








* Van Slyke amino-N minus 80% of amide-N 
+ Excluding heat coagulum. 


2. The asparagine amide-N survives lead acetate precipitation, is almost 
quantitatively removed by mercuric nitrate (but less so by Neuberg and 
Kerb reagent), and is much more liable to reprecipitation by phospho- 
tungstic acid. 

3. The true amino-N of aqueous extracts, which also survives lead acetate 
precipitation, is removed almost quantitatively by mercuric nitrate (less 
so by Neuberg and Kerb’s reagent) and is reprecipitated by phosphotungstic 
acid to approximately the same degree as the asparagine amide-N. 

4. That part of the total-N of the aqueous extracts for which no account 
has yet been rendered up to this point (nitrogen other than heat-coagulated 
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nitrogen and ammonia-, amino-, and amide-N) escapes lead acetate precipi- 
tation and is precipitated less readily by mercuric nitrate and more readily 
by phosphotungstie acid than the other nitrogen fractions. While the 
behavior toward lead acetate rather precludes this being stable protein it 
must be some more complex fraction than the others and is probably rich 
in diamino-acids; this warrants further investigation beyond the seope of 
this paper. Therefore the basis of the quantitative isolation of the mixed 
amides of potato was: 

1. Precipitation of aqueous extract by lead acetate. 

2. Precipitation by mercuric nitrate from the lead-free filtrate. 

3. Crystallization from the solution obtained on liberation of the nitro- 
gen fractions from the mereury precipitate. 

The product so obtained must contain both asparagine and easily hydro- 
lyzable amide as well as some amino-N other than that accounted for by 
asparagine or glutamine. From this point the isolation of pure products 
depends on fractional crystallization. This procedure was put into effect 
on a relatively large scale as follows. 


FRACTIONATION OF THE NITROGEN IN THE EXPRESSED SAP OF POTATO 
TUBERS (LARGE SCALE) 


The expressed juice was fractionated as described below. Prior to ex- 
pression of the juice the tubers were washed, peeled, wiped with a dry cloth, 
cut into thin dises which were blotted, and immediately weighed. Two 
batches of 2.5 kgm. (extract 45) and 3.6 kgm. (extract 46) were used. The 
sequence of operations as indicated by the treatment of 3.6 kgm. in prepara- 
tion of E.46 was as follows. 

PREPARATION OF EXTRACT ‘‘A’’.—Three and six-tenths kgm. of the fresh 
tubers were minced and the sap expressed in a double-action tincture-press. 
From the minced mare a second portion of sap was expressed and a third 
portion after remincing the mare with washed, dried, silver sand. The total 
yield was 2050 ml. and since the moisture content of the original fresh tissue 
was 81.3 per cent. of the fresh weight, the sap so expressed was equivalent to 
the nitrogen fractions of 2521 gm. of tissue. Fifty ml. of this liquid was 
removed for the analysis of extract A. 

PREPARATION OF EXTRACT ‘‘B’’.—The remainder of extract A was im- 
mediately heated to 75° C. for 10 minutes, rapidly cooled, and 2140 ml. of 
clear filtrate were collected; 60 ml. were removed for the analysis of Ex- 
tract B. 

PREPARATION OF EXTRACT ‘‘C’’.—The remainder of extract B was treated 
with a slight excess (275 ml.) of lead acetate reagent. The precipitate was 
removed by filtration, washed on the filter with boiled and cooled distilled 
water, and then rejected. The combined filtrate and washings (2275 ml.) 
constituted extract C, of which 50 ml. was removed for analysis. The 
aliquot of extract C removed for analysis was treated with hydrogen sul- 
phide, precipitated lead sulphide removed by filtration, and the filtrate and 
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washings freed from hydrogen sulphide by distillation at 40° C. in vacuo. 
The residue was diluted to 50 ml. with water and was ready for the analysis 
of extract C. 

PREPARATION OF EXTRACT ‘‘D’’—The remainder of extract C was treated 
with a slight excess (250 ml.) of mercuric nitrate reagent, neutralized to 
litmus by addition of 20 per cent. w/v solution of sodium hydroxide and 
set aside overnight in the refrigerator. A white precipitate settled, leaving 
a clear supernatant liquor which was decanted and passed through the filter. 
The precipitate was suspended in 500 ml. of distilled water, shaken and 
allowed to stand, and the supernatant liquor again removed. The preceipi- 
tate collected on a hard paper was washed with distilled water, the washings 
being rejected. To the mercuric nitrate precipitate suspended in 1000 ml. 
of distilled water 1 ml. of 1/N sulphuric acid was added and the suspension 
treated with hydrogen sulphide. After removal of the filtered and washed 
mercuric sulphide the combined filtrate and washings were freed from excess 
hydrogen sulphide by distillation at 40° C. in vacuo for 20 minutes. The 
solution was then neutralized to litmus with dilute ammonia (14 ml.) From 
the resultant neutral solution (1300 ml.) 50 ml. was removed for analysis 
of extract D. 

PREPARATION OF CRYSTALLINE PRODUCTS FROM EXTRACT ‘‘D’’.—The re- 
mainder (1250 ml.) of extract D was concentrated by distillation to 400 ml. 
and freed from the last traces of mercuric sulphide by filtration through 
paper pulp. The combined filtrate and washings were then reduced to 
about 190 ml. and set aside overnight in the refrigerator. The crystalline 
deposit which separated (46 1.) was collected and washed with 5 ml. of 
boiled, cooled, distilled water. After filtrate and washings were again con- 
centrated to about 125 ml., a further crystalline deposit (46.111) separated 
overnight in the refrigerator, and this was treated as described for 46.1. On 
concentrating the remaining solution to 60 ml. the crystalline deposit 
(46.1IT) separated. This was collected and washed with 10 ml. of 70 per 
cent. aleohol. From this point the crystals were washed with alcohol, hot 
water, and the further crystallization was carried out progressively from 
richer mixtures of alcohol. The filtrate and washings from 46.III were 
reduced to 40 ml.; crystalline deposit (46.1V) was separated overnight and 
washed with 10 ml. of 70 per cent. aleohol. The filtrate and washings from 
46.I1V were reduced to 30 ml., and 50 ml. of 80 per cent. aleohol was added 
with constant stirring. From the liquor the crystalline deposit (46.V) sepa- 
rated, and this was in turn collected and washed with 70 per cent. alcohol. 
To the filtrate and washings (70 ml.) was added an equal volume of 90 per 
cent. alcohol and on setting aside the liquid in the refrigerator crystalline 
deposit (46.VI) separated ; this was collected and washed with 80 per cent. 
aleohol. The mother liquid, set aside for several days in the refrigerator, 
gave a further deposit (46.VII). All these crystalline deposits (46.1 to 
46.VII) were collected on Whatman no. 50 paper, dried in a vacuum desic- 
eator over sulphuric acid for at least 12 hours, and weighed. 
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For the larger vacuum distillations referred to above a distillation 
apparatus similar to that described by Vickery and Pucuer (60) was used. 
Concentration of the mother liquors was effected by vacuum distillation on 
a water bath at a temperature of 40° C. 

The analysis of the nitrogen fractions of the various extracts and erystal- 
line deposits is shown in table VII, and the yield of the various nitrogen 


TABLE VII 


NITROGEN ANALYSES SHOWING THE COMPOSITION OF THE EXTRACTS EQUIVALENT TO 2500 GM. 
OF FRESH TUBERS (EXTRACT NO. 46) AND OF THE CRYSTALLINE DEPOSITS 
OBTAINED (46.i—vii) DURING PROGRESSIVE PURIFICATION 
OF AMIDE FRACTIONS 
































NITROGEN PER GM. OF FRESH TISSUE Torat Soups. 
a jets ‘aii Eastny uy- | Aspara- | Amino-N ane hart 
MONIA-N | DROLYZABLE GINE (Van TotaL-N eInsUR 
AMIDE-N AMIDE-N | SLYKE) 
mgm. mgm. mgm. mgm. mgm, 
Y Raemees ee ath cs 2.82 39.0 
B 0.009 0.22 | 0.33 1.12 2.04 32.1 
C 0.016 0.21 0.19 0.95 1.61 25.6 
D 0.353* 0.16* 0.20 0.74 1.46 9.8 
CRYSTALLINE YIELD IN GM. 
DEPOSITS NITROGEN PER 100 MGM. OF CRYSTALLINE DEPOSITt OF CRYSTAL- 
46 LINE DEPOSIT 
| | gm. 
Ree OS ge eae “ 8.1 0.2175 
ES Lee a pe reece } | 16.0 0.2575 
Sa SEP 1.58 6.68 10.5 18.38 2.515 
ey ee eee 5.11 3.08 12.7 | 18.53 3.5725 
v 0.29 3.74 3.27 10.8 | 16.9 1.413 
vi 0.64 4.61 0.97 11.4 | 14.9 1.565 
vii 0.42 3.70 2.14 11.0 | 15.85 0.457 
i 

















* A loss of easily hydrolyzable amide occurred here due to the fact that after adding 
the mercuric nitrate reagent there was an interval of 4 hours before the solution was 
neutralized. 

t Crystalline deposit 46.i was recrystallized from water shown to consist mainly of 
tyrosine; crystalline deposit 46.ii was shown to consist of 53% asparagine and a small 
amount of tyrosine. 


fractions obtained in the treatment of both extracts E.46 and E.45 are 
shown in table VIII. 


RECOVERY OF NITROGEN FRACTIONS IN THE VARIOUS EXTRACTS AND DEPOSITS 


An inadvertent loss of easily hydrolyzable amide-N from the mercuric 
nitrate precipitate, in the fractionation of extract 46, reduced the yield so 
that only 71.5 per cent. of the easily hydrolyzable amide of the fresh tissue 
was recovered in the crystalline deposits. This was however 98.0 per cent. 
of that contained in the mercuric nitrate precipitate. In the fractionation 
of extract E.45 this loss was not incurred, and 93 per cent. (as compared 
with 73 per cent. in the case of E.46) of the easily hydrolyzable amide-N of 
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the fresh tissue was contained in the mercuric nitrate precipitate. The yield 
in the crystalline deposits from E.45 was, however, less quantitative due to 
the adoption of a less effective method of crystallization, so that the yield 
of easily hydrolyzable amide-N in the crystalline mixtures fell to 70 per 
cent. of that in the original fresh tissue. The content of asparagine amide-N 
and total amide-N in the crystalline deposits also represented about 70 per 
cent. of the original amount in the fresh tissue. It will now be shown that 
the easily hydrolyzable amide can be identified as glutamine and that the 


TABLE VIII 


PERCENTAGE RECOVERY OF THE VARIOUS NITROGEN FRACTIONS DURING ISOLATION OF 
AMIDES IN LARGE-SCALE EXPERIMENTS 





























RECOVERY OF NITROGEN FRACTIONS: NITROGEN FRACTION IN 
THE EXTRACT OR DEPOSITS AS PERCENTAGE OF THAT 
FRACTION IN THE ORIGINAL AQUEOUS 
EXTRACT OF THE TUBERS 
EXTRacr EXTRACT 
NITROGEN FRACTION CLARIFIED ype st 
BY TREAT- pla gel CRYSTALLINE PURE 
. SITION OF : a: 
MENT WITH ~waneiaian DEPOSITS SUBSTANCES 
pega se ro 4 NITRATE PRE- 
ACETATE (C) crPrraTe (D) 
B.45 | E46 | E45 | E46 | E45 | E46 E.46 
%o % % Jo % | % %o 
Easily hydrolyzable 
amide-N 2... 97.0 | 95.5 | 93.0 | 73.0 | 65.0 | 71.5 66.1 
(as glutamine) 
Asparagine amide-N ..| 86.5 | 83.0 | 84.0 | 87.0 | 71.5 | 68.3 60.9 
(as asparagine) 
Total amide-N ............. | 89.0 88.0 89.0 82.0 68.5 | 71.6 62.0 
Amino-N (Van Slyke) 91.5 85.0 65.0 66.0 36.3 
(as amides and 
| tyrosine ) 
Total soluble-N 
extracted (excluding 
heat coagulum) 82.0 79.0 | 80.0 71.0 | 37.3 | 36.6 
Total-N : 62.0 57.0 60.5 52.0 28.2 26.8 























yield of pure glutamine obtained from these crystalline deposits represented 
66 per cent. of that in the original tissue. The yield of pure asparagine 
accounted for 61 per cent. of that in the fresh tissue. Of the total amino-N 
(true amino-N plus amide-N which reacts in the Van Slyke reaction) only 
36 per cent. is as yet definitely accounted for (table VIII) so that the 
identity of the remainder of this part of the soluble-N fraction of potato 
tuber still presents problems. 


Separation of pure amides and their chemical identification 
Tyrosine (46.1) was the first substance to crystallize from the concen- 
trated solution after decomposition of the mercuric nitrate precipitate. 
Subsequently mixtures (46.IT) of tyrosine and asparagine separated. The 


separation of the tyrosine and the asparagine from these mixtures depends 
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upon the very slight solubility of tyrosine in cold water. The further crops 
of crystals from the mother liquor were mixtures rich in amide nitrogen 
and contained both forms of amide (46 III-VII). 

The crystalline mixtures rich in amide nitrogen (46.IJI-VII) were 
submitted to further crystallizations in an endeavor to isolate quantitatively 
the easily hydrolyzable amides. Mixtures rich in asparagine were repeat- 
edly recrystallized in order to recover any easily hydrolyzable amide-N they 
contained, whereas the fractions rich in easily hydrolyzable amide were 
submitted to the minimum number of reerystallizations. 

The crystalline material from extract 45 was used for the identification 
of glutamic acid (isolated as the hydrochloride) and of aspartic acid 
(isolated as copper aspartate) in the products of amide hydrolysis, and 
also for a study of the conditions under which the amides could be separated 
by crystallization from aqueous and aqueous-aleoholic mother-liquors using 
the more ready crystallizing of the stable amides from water and the relative 
insolubility of the easily hydrolyzable amides in alcohol. By repeated frac- 
tional crystallization, pure samples of tyrosine, asparagine, and glutamine 
were obtained from the crystalline deposits from E.45. As shown in table 
V, the methods of analysis give a complete account of the nitrogen of these 
fractions in terms of easily hydrolyzable amide, asparagine amide, and true 
amino-N. Data so obtained formed the basis of the treatment of the erystal- 
line deposits from extract 46.* 

The properties on which the separation of asparagine and glutamine 
depends and the way in which these were applied to isolate pure glutamine 
as the easily hydrolyzable amide and pure asparagine as the stable amide 
are indicated below: 

(1) Asparagine is less soluble in water than glutamine. Glutamine is 
soluble 1 in 28 at 18° C.; asparagine 1 in 47 at 20° C. (2). The solubility 
of both is increased with rise in temperature. Glutamine, however, may 
suffer decomposition if heated above 60° C. in aqueous solution. 

(2) Asparagine and glutamine do not form mixed crystals (70). As- 
paragine crystallizes readily from aqueous solution in the presence of im- 
purities, whereas glutamine does not (13, 14). As the purity of the solu- 
tions increases by repeated fractional crystallization, glutamine erystallizes 
more readily. 

(3) Both amides are sparingly soluble in aleohol. The solubility of 
asparagine in 50 per cent. alcohol at 9° C. is about 0.08 per cent. The lower 
solubility of asparagine accounts for the fact that addition of aleohol (up 
to 50 per cent. concentration) to a saturated solution of glutamine and 
asparagine will precipitate a mixture containing a higher proportion of 
asparagine than the mother liquor. 

(4) The crystalline mixtures of the amides obtained from potato con- 


4 At this point in the investigation valuable advice on the technique of isolating 


glutamine from admixture with asparagine was received from Dr. G. W. PucHER of the 
Connecticut Agricultural Experiment Station, 





STEWARD AND STREET: NITROGEN OF POTATO TUBERS 177 


tained a ‘‘soluble impurity’’ not included in the amide fraction. Mixtures 
rich in glutamine but containing a trace of asparagine and of this ‘‘soluble 
impurity’’ could be purified by extraction with the minimum amount of 
water necessary to dissolve out these impurities. 

(5) The purest preparations obtainable by fractional crystallization 
could be further purified by treatment with Norit (activated charcoal). 

The treatment of the mixtures rich in amide-N, based on the above data, 
was as follows: the crystalline deposit was dissolved in the minimum 
amount of water at 60° C. and then set aside in the refrigerator at 8—-10° C. 
Asparagine, or a mixture very rich in asparagine, crystallized out. The 
filtrate was then treated with not more than an equal volume of alcohol 
(the amount used being adjusted according to the nature of the crystalline 
preparation used) and set aside in the refrigerator. Asparagine or a mix- 
ture of asparagine and glutamine crystallized out. The filtrate was reduced 
to a small volume in vacuo at low temperature and then treated with an 
equal volume of alcohol, chilled, and then treated with a second volume of 
alcohol. The mother liquor, on storage overnight in the refrigerator at 
5° C., gave either crystalline glutamine or a mixture rich in glutamine. 

This standard procedure was applied to all of the amide-rich mixtures, 
and the crops of crystals were grouped into four categories: (1) asparagine ; 
(2) mixtures of asparagine and glutamine which often consisted of spherical 
masses of glutamine adhering to the large transparent crystals of asparagine 
(figs. 1, 2) ; (3) glutamine containing a detectable trace of asparagine; and 
(4) glutamine free from asparagine. Category 2 was gradually eliminated 
by repeated applications of the standard procedure. As the crystalline 
mixtures became purer no sharp separation of ghitamine from asparagine 
was possible, as the glutamine showed an increasing tendency to erystallize 
out readily. Glutamine-rich fractions were therefore obtained which con- 
tained a trace of asparagine and an impurity very soluble in water. To 
remove both of these impurities the glutamine-rich fractions were treated 
with a small amount of water. The undissolved residues were crude gluta- 
mine. The filtrates were submitted to fractional erystallization until 
glutamine-rich fractions were again obtained. The identity of tyrosine, 
asparagine, and glutamine obtained is established by the following data. 


TYROSINE 


The crystalline mixtures (fig. 1) composed of tyrosine and asparagine 
(46.1,1T) vielded by fractional crystallization 0.288 gm. tyrosine and 0.12 
em. asparagine. The tyrosine had a melting point (with decomposition) 
of 256—258° C. (uneorr.). The elementary analysis found C, 58.6 per cent. ; 
H, 6.14 per cent.; N, 7.6 per cent. Tyrosine requires C, 59.6 per cent.; H, 


wo 


6.12 per cent. ; N, 7.73 per cent. 


ASPARAGINE 


The crystalline mixtures rich in amide nitrogen yielded 2.66 gm. of 
asparagine. This substance had a melting point (sealed tube, with decom- 
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Fie. 1. Tyrosine (x30). Fie. 2. Mixture of asparagine and glutamine (x 44), 
Fig. 3. Asparagine (x70). Fie. 4. Crude glutamine (x48). Fic. 5. Glutamine (x55). 
Fic. 6. Glutamine (x 175). (Photographs by A. Bates.) 
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position) of 226° C. (uncorr.). The nitrogen analysis found N, 18.3 per 
cent.; asparagine-amide-N, 9.1 per cent.; and amino-N (Van Slyke), 9.08 
per cent.; the amide hydrolyzed under the conditions of hydrolysis of the 
easily hydrolyzable amide was only 2.6 per cent. of the total. 

This sample of asparagine, dissolved in the minimum amount of water 
at 70° C. and treated with 100 mgm. Norit for 10 minutes at 70° C. yielded 
2.44 gm. of recrystallized asparagine. The recrystallized asparagine had a 
melting point (sealed tube, with decomposition) of 227° ©. (uneorr.). The 
elementary analysis found C, 32.2 per cent.; H, 6.69 per cent.; N, 18.6 per 
cent.; asparagine-amide-N, 9.3 per cent.; and water of crystallization 12.0 
per cent. The identity of pure asparagine is therefore established. 


JLUTAMINE 


The amount of crude glutamine obtained was 3.30 gm. (fig. 4). This 
had a melting point of 182° C. (uncorr.) and a mixed m.pt. of 181° C. with 
a sample of pure glutamine at m.pt. of 182° C. The nitrogen analysis found 
N, 18.7 per cent.; glutamine amide-N, 8.7 per cent.; and amino-N (Van 
Slyke), 15.2 per cent.; 3.05 gm. of glutamine purified with Norit were ob- 
tained (figs. 5,6). This had a melting point of 184° C. (unecorr.). The 
elementary analysis of the purified glutamine found C, 39.9 per cent.; H, 
6.86 per cent. ; N, 19.3 per cent. ; amide-N, 9.2 per cent.; and amino-N (Van 
Slyke), 16.5 per cent. Glutamine requires C, 41.1 per cent.; H, 6.9 per 
cent.; N, 19.2 per cent.; and amide-N, 9.6 per cent. The optical rotation 
found was [a]**=+5°. One reerystallization from water yielded 2.71 gm. 
of recrystallized glutamine with a melting point of 185°C. (uneorr.). The 
elementary analysis of recrystallized glutamine found C, 40.5 per cent.; 
H, 6.78 per cent.; N, 19.1 per cent.; amide-N, 9.5 per cent.; and amino-N 
(Van Slyke), 17.5 per cent. The identity of glutamine as the easily hydro- 
lyzable amide of potato tuber is, therefore, established. 

The yields obtained were tyrosine, 0.116 ; asparagine, 1.42 ; and glutamine, 
1.51 gm. per kgm. of fresh tissue and, as shown in table VIII, the yield of 
glutamine and asparagine accounts for 66 and 61 per cent., respectively, 
of the easily hydrolyzable and stable amide-N, present in the fresh tissue. 

VauquetiIn (53) and subsequently Hirscr and Lupwie (26) demon- 
strated the presence of asparagine in the potato. HUNGERBUHLER (28) 
in 1885 recorded that the mother liquor from a first crystallization of aspara- 
gine, when evaporated to dryness, yielded a residue which was not definitely 
erystalline. This residue, once recrystallized from water, gave on saturat- 
ing with euprie hydroxide a sky-blue liquid from which a copper compound 
could be separated. HUNGERBUHLER suggested from the percentage of cop- 
per (18.4) that glutamine copper was probably present. NEUBERGER and 
Saucer (38) reported, during the course of the present investigation, the 
isolation, but in very low yield (90 mgm. per liter of expressed sap), of a 
specimen of glutamine (m.pt. 182° C., N content 18.65 per cent.) from King 
Edward potato tubers. From an extract of Majestic potato tubers they 
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were even unable to isolate any glutamine, although their indirect analysis 
indicated the presence of 1.22 gm. The yield of 1.51 gm. of erystalline 
glutamine per kgm. of fresh tuber tissue, here recorded, represents an isola- 
tion of 66.1 per cent. of that indicated by indirect analysis of the fresh juice 
and 90.5 per cent. of that contained in the mercuric nitrate precipitate. 
This recovery of glutamine, in the presence of a greater quantity of aspara- 
gine, represents an advance on the best results hitherto recorded (59). The 
technique of isolation from the mercuric nitrate precipitate has achieved a 
particularly high yield. An accidental loss of glutamine in the prepara- 
tion of the mercuric nitrate precipitate obscures somewhat the quantitative 
yield which is now actually attainable. Having achieved a yield of 93 per 
cent. of the easily hydrolyzable amide-N in the mereurie nitrate precipitate, 
as recorded in a parallel extract, it should be possible to obtain 84 per cent. 
of this fraction as crystalline glutamine. 

The yields thus recorded, when taken in conjunction with the new 
analytical data presented, indicate that in all probability the whole of the 
easily hydrolyzable amide fraction of the dormant tubers is glutamine. 
There is thus a very strong presumption that when, during active metabo- 
lism, the easily hydrolyzable amide content of potato dises increases (49) 
the increase is due to glutamine. Thus, this more eritical account of the 
analytical determination of this amide fraction, its conditions of hydrolysis, 
and behavior in the Van Slyke determination, together with its isolation, 
crystallization, and elementary analysis has vindicated the conelusion, drawn 
by STEwarp and Preston (49) from indirect evidence, that the easily hydro- 
lyzable amide of actively metabolizing potato tissue was probably glutamine. 


Evidence of the réle of acid amides in metabolism 

Despite much investigation the precise réle of the acid amides in plants 
under diverse metabolic conditions is not certain, and the respective rdles 
of asparagine and glutamine is unknown. ScHuLze and PRIANISCHNIKOW 
(45) considered that in certain plants glutamine replaced asparagine as 
tle chief amide and fulfilled the same function. Vickery, PUCHER, and 
CuarRK (62) and CLarK (9) have shown that tomato plants which contained 
both amides responded to ammonia supply by accumulating glutamine, but 
that the asparagine did not significantly increase in amount. GREENHILL 
and CHiBNALL (21a) and Curtis (12a) have reported the exudation of 
glutamine from the leaves of grasses receiving nutrients rich in ammonia. 
Morues (36), on the other hand, using bean leaves, recorded asparagine 
rather than glutamine accumulation in response to ammonium salts. ViIcK- 
ERY, PuUCHER, and CLARK (62) have suggested that in any green plant only 
one of the amides functions for ammonia detoxication and that the function 
of the second amide is by no means clear. 


AMIDASES AS REGULATORS OF AMIDE CONTENT 


It is tempting to consider that the marked contrast in their stability 
determines the respective réles of these amides. Their formation from the 
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corresponding amino-acids in the plant appears to be governed by amidase 
or amidases. DernBy (15) and LEvVENE, Simms, and Prautz (33) con- 
eluded that the amides are hydrolyzed by an erepsin. Thus the amide group 
would be regarded as a peptide group in which one hydrogen atom of the 
amino group could be regarded as the equivalent of the amino acid residue 
of a dipeptide. This was endorsed by Grover and CHIBNALL (22) who 
investigated the asparagine splitting power of extracts of barley roots and 
considered it unnecessary to postulate the existence of a specific aspara- 
ginase, regarding the action as due to a dipeptidase. Geppgs and HuNTER 
(19), however, obtained a preparation of yeast asparaginase which split 
the amide group quantitatively from asparagine, and had a slight activity 
on glutamine, but was quite inactive to all other acid amides tried. Grass- 
MANN and Mayr (20) were able to show that yeast asparaginase was an 
enzyme distinct from yeast dipeptidase and from aminopolypeptidase. 
There was evidence for a separate glutamine splitting enzyme in fresh 
autolyzed yeast. According to Scowas (48) yeast asparaginase is inactive 
to glutamine, but both an asparaginase and a glutaminase exist in barley. 
ScHWAB supposes that the proportion of the two amides in any given plant 
will be determined by the ‘‘active mass’’ of the enzymes, and he prefers to 
speak of asparaginase and glutaminase plants rather than of asparagine and 
glutamine plants. 

CHIBNALL (7), using Lolium perenne, and Vickery, PucHER, and CLARK 
(62), using beet, have, more recently, shown the existence of active gluta- 
minases in these plants. Kress (30), working on animal tissues, has pro- 
duced evidence for the existence of two distinct glutaminases (‘‘ brain type’’ 
and ‘‘liver type’’), differentiated on the basis of their inhibition by glutamic 
acid and by different pH optima. Both enzymes are distinct from aspara- 
ginase. The balance of synthesis or decomposition of amide appeared to 
be influenced by pH and Kress concluded that, in brain and retina, gluta- 
mine synthesis was not reversed since the hydrolysis only occurred in prac- 
tice outside the physiological range of pH and that glutamine disappeared 
in these tissues without forming ammonia. 

The réle of amidase in the formation of amides by potato is strength- 
ened by preliminary experiments here recorded which show that potato sap 
possesses amidase activity which passes to the protein-melanin precipitate 
formed on dialysis. The potato oxidase which deaminates amino acids also 
passes to the protein-melanin coagulum, but dialysis robs this preparation 
both of catechol compounds and of its ability to bring about deamination. 
In different samples of sap the relative amidase activity towards asparagine 
and glutamine is not constant, thus indicating that two distinct enzymes may 
be involved. It remains to be established, therefore, how far the metabolic 
behavior of the two amides may be interpreted in terms of the respective 
activity of their corresponding amidases. 


ROLE OF OXIDATION : ENERGY REQUIREMENTS IN AMIDE SYNTHESIS 


The formation of either asparagine or glutamine from the ammonium 








182 PLANT PHYSIOLOGY 


salts of the acid requires an energy supply. Thus the conversion of am- 
monium aspartate to asparagine at pH 7 involves a standard free energy 
of synthesis of 3460 cal. Warp (68) even considered that under condi- 
tions of adequate nitrogen nutrition the energy from the metabolites avail- 
able for respiration limited asparagine synthesis in etiolated seedlings. 
Kress (30) has shown that in kidney cortex and in brain tissue the syn- 
thesis of glutamine is linked with aerobic respiration and that hydrocyanic 
acid inhibits the synthesis of glutamine to approximately the same degree 
as it inhibits respiration. Under anaerobic conditions no glutamine syn- 
thesis takes place in these tissues. 

It is only necessary here to recall that the biochemical survey (49, 50, 51) 
which prompted this investigation was instrumental in focusing attention 
upon the frequency with which the salt and oxygen effects upon the respira- 
tion of actively metabolizing potato cells found their parallel in effects 
upon nitrogen metabolism. The tissue first increases its content of glutamine 
(as we are now entitled to call the easily hydrolyzable amide) as it responds 
to oxygen supply by increased respiration, and the glutamine tends to reflect 
every subsequent change in the conditions which affect protein synthesis or 
respiration. CHIBNALL (7) also refers to observations that oxygen affects 
amide synthesis in plants. The oxygen which affects amide synthesis may 
be involved in oxidative deamination of amino-acids and/or in carbohydrate 
respiration. The necessity of carbohydrate for amide synthesis needs no 
emphasis, for it may act not only as a source of energy but also provide the 
carbon skeleton of the amide molecules. 

A general concept of the factors which determine amide formation under 
a variety of metabolic or nutritional states should comprehend a range of 
circumstances which may extend from: (a) the primary synthesis of amides 
from an external source of nitrate or ammonia and in cells which, by virtue 
of their photosynthesis or storage products, have adequate carbohydrate 
available; to (b) the formation of amide from protein by degradation in 
senescent cells, which have been depleted of carbohydrate. The work on 
actively metabolizing potato cells falls into the former category; much 
classical work on excised leaves and etiolated seedlings as clearly falls into 
the second. 

Under the conditions of protein breakdown it is possible to conceive 
that the energy for amide synthesis derives from the protein breakdown 
itself and that aceumulation of ammonia in starved detached leaves marks 
the stage at which the necessary supply of N-free precursors (a-keto acids) 
for the carbon skeleton of the amides has been consumed. CHIBNALL (7) 
has shown that blades of perennial rye-grass infiltrated with the ammonium 
salt of q-ketoglutaric acid readily produce glutamine and that the whole of 
the metabolized ammonia is accounted for as nitrogen of new glutamine, 


together with a subsidiary amount of new asparagine. Furthermore, it was 
shown that the disappearance of ketonic acids showed good agreement with 
the amount of new amide formed and that the amount of g-ketoglutarie acid 
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which had disappeared was approximately equal to that demanded by the 
glutamine synthesized. Vickery, Pucner, and CLarK (62) showed that 
the increase in soluble nitrogen of beet roots treated with ammonium salts 
was accounted for by the increase in glutamine-N (i.e., by the sum of the 
amide and amino-N of glutamine) suggesting that the glutamine had been 
synthesized from N-free precursors. 

In actively metabolizing potato cells adequate carbohydrate is available, 
and its metabolism releases energy far in excess of the requirements of all 
those concomitant processes (including protein synthesis) known to require 
energy. Under these conditions N-free precursors of amides may be pre- 
sumed to arise as intermediate products of glycolysis or by oxidative deami- 
nation of stored amino-acids. StTEwArD and Preston (49, 50, 51) used the 
tissue in such a way that, usually, it was dependent upon internal sources 
of nitrogen, and the ammonia for synthesis was shown to arise from amino- 
acids. However, external sources of inorganic nitrogen also equally well 
suffice as shown by experiments with nitrates (58) and ammonium salts 
(unpublished data). 

The q-ketonic acids of potato tissue seem not to have been investigated 
nor have metabolic experiments involving infiltration of the tissues with 
either g-ketoglutaric or oxalacetic acid yet been made. STewarp and 
Preston (49), however, have shown that the synthesis of protein, the 
utilization of amino-acids and asparagine, the formation of unstable amides, 
the utilization of organic acid radicals, and the oxidation phenomena involved 
in the browning reaction of living cells (which are in turn due to an enzyme 
system which produces oxidative deamination of amino acids) are all linked 
with the rate of aerobic respiration and hence with the machinery of salt 
absorption. A biochemical study of the organic acid metabolism of potato 
dises, under conditions of rapid salt uptake, such as that being undertaken 
by Hoaauanp and his co-workers (27) with barley roots, is necessary to 
establish how far utilization of specific organic acids may be correlated with 
synthesis and the utilization of the amides. 


AMIDES DIRECTLY INCORPORATED IN PROTEIN 


The main protein present in potato tubers and the only protein fraction 
to have been extensively studied is the globulin tuberin. The amino-acid 
analyses of tuberin are incomplete. Kriesen and BeLozersky (29) record 
the presence of 1.05 to 1.02 per cent. amide-N in the ash-free dried samples 
examined. WINTON and WINTON (71) record the presence of 4.6 per cent. 
glutamic acid. Aspartic acid has, however, not been identified in the 
products of hydrolysis, although the amount of glutamic acid present, even 
if it is all present as glutamine, would only account for some 42 per cent. 
of the amide-N. The relative requirements for asparagine and glutamine 
for incorporation as such in the synthesized protein cannot, therefore, be 
assessed. Potato dises synthesize protein under conditions conducive to 
active metabolism and salt accumulation (49, 50, 51), but it should not be 
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presumed that the protein synthesized by these vitally active cells is neces- 
sarily identical with the globulin tuberin which is a storage product dis- 
solved in the salts of the cell sap. The relationship between asparagine and 
glutamine and protein synthesis may be much less direct than their incor- 
poration as such into the molecule of protein so synthesized. It seems rather 
as though glutamine should be regarded as an active molecule more readily 
capable than other substances of donating nitrogen to molecules about to be 
synthesized into protein. The following discussion shows that there is 
mounting evidence that this may be the case. 


GLUTAMINE AS AN AMINO-N DONATOR 


BRAUNSTEIN and KritzmMan (3, 4) have demonstrated the presence in 
muscle tissue of an enzyme system which catalyzes the reversible anaerobic 
deamination of 1(+) glutamic acid, with the formation of alanine from 
pyruvie acid thus: 1(+) glutamic acid + pyruvic acid = q-ketoglutaric acid 
+1(+) alanine. This enzyme they termed aminophorase. Similarly they 
showed that aspartic acid could also act as a primary amino donator. Also 
aminophorase will effect the deamination of monocarboxylic amino acids 
(e.g., alanine) in the presence of either -ketoglutaric or oxalacetie acids 
acting as amino acceptors. It appeared that almost any g-amino-acid could 
be deaminated to, or formed from, the corresponding q-keto acid by the 
aminophorase. Thus amino transfer (transamination or ‘‘umaminierung’’) 
requires that one member of the reacting pair must. be a dicarboxylic keto 
or dicarboxylic amino-acid. Glutamic acid or g-ketoglutaric acid are partic- 
ularly active in this respect (4). Krrrzman (31, 32) considered that two 
enzymes are involved: a glutamic aminophorase and an aspartic amino- 
phorase. The transamination reaction is a mechanism whereby interconver- 
sion of amino-acids can take place, and it is of particular interest to our dis- 
cussion inasmuch as it assigns to the dicarborylic amino acids a key position 
in this important biochemical process. 

CoueEen (10, 11, 12), however, considers that the transamination reaction 
is more restricted in its operation than is indicated by the evidence of 
3RAUNSTEIN and KritzMan. The work of VirtaNEN and LANE (67), which 
ascribes to aspartic acid and to transamination a key position in the nitrogen 
fixation and metabolism of leguminous plants, has also been criticized by 
Witson (69). Nevertheless, the work of ScHOENHEIMER and co-workers 
(44) on animal tissues and the recent application of the mass isotope tech- 
nique to the study of protein metabolism in plants (24, 66) supports the 
theory that the dicarboxylic acids play a central réle in protein metabolism. 
It was found that deamination and amination take place continuously. In- 
terchange of amino-N between the free amino-acids and the amino acids com- 


bined in the protein must continuously occur. Whenever amino-acids or 
ammonia artificially enriched in N 15 content are supplied to the organism 
the content of N 15 in the dicarboxylic acids (particularly glutamie acid) is 
much higher than in any of the other amino-acids in the tissue, with the 
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possible exception of the amino-acid in which the N 15 was supplied. If 
Cohen is correct in regarding the transamination reaction as limited in 
range, then these results suggest that yet another mechanism must be sought 
to account for the rapid amino group interchange which is continuously 
proceeding in the living cell, and in this mechanism glutamic acid must be 
particularly active. Transaminase systems have not been extensively 
studied in plants and an examination of potato tissue for aminophorase 
activity has yet to be undertaken. 


CANALIZATION OF PROTEIN SYNTHESIS THROUGH GLUTAMINE 


Earlier papers on the biochemistry of salt absorption in potato dises (49, 
50, 51) have been concerned with the synthesis of protein in the tissue im- 
mersed in aerated distilled water and in aerated solutions of potassium and 
ealcium salts. Protein synthesis was greater in potassium salt solutions 
than in water, and it could be suppressed by relatively strong calcium salt 
solutions. The nitrogen incorporated into the new protein was accounted 
for by the loss of nitrogen from the soluble nitrogen fraction. The soluble 
nitrogen was fractionated into g-amino-acid-N, heat-stable amide-N (aspara- 
gine amide-N), and heat-labile (easily hydrolyzable) amide-N ; and the rela- 
tive utilization of the different fractions as sources of nitrogen for protein 
synthesis was investigated. In the normal synthesis of protein the nitrogen 
utilized was mainly derived from the g-amino acids, and when the nitrogen 
was derived from this source there obtained the closest parallelism between 
protein synthesis and respiration. Under conditions of normal protein syn- 
thesis the heat-stable amide fraction only contributed a small fraction of the 
required nitrogen. Although amino-N was utilized in protein synthesis, the 
concentration of amino-N did not appear to regulate the rate of synthesis. 
The heat-stable asparagine amide-N decreased under the conditions which 
favored synthesis, but the easily hydrolyzable amide-N was found to increase. 
When, however, protein synthesis was accentuated, as in the strong potas- 
sium solutions, there occurred a marked decrease in the content of easily 
hydrolyzable amide without any similar effect upon the reserve of stable 
amides. The easily hydrolyzable amides were therefore tentatively re- 
garded as reactive intermediates between the stable reserves of amino-acids 
and stable amide on the one hand and proteins on the other. The ammonia 
for formation of the unstable amides was regarded as having its origin in 
the oxidative deamination of amino acids, in the hydrolysis of asparagine 
or in the reduction of nitrate. 

The identity of the easily hydrolyzable amide fraction of potato tissue 
with glutamine, in conjunction with the evidence already discussed, empha- 


r 
a 


sizes the importance of glutamic acid as a donator of amino-N in protein 


synthesis. Transamination indicates how the amino-N of glutamic acid 
may be transferred to form other amino acids. As yet, however, we do 

- ; ‘ q . ‘ 
not know how far glutamine itself accounts for all the glutamic acid 


which is metabolized since free glutamic acid may be a constituent of the 
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amino-N fraction which has not yet been fractionated. Whether the amide 
group of glutamine, which reacts like amino-N in the Van Slyke determina- 
tion, may also be effective as an amino-N donator in the transamination re- 
action cannot yet be answered categorically. The only evidence on this 
point (67a) is inconclusive, but it does indicate greater reactivity of the 
amide-N of glutamine in this respect, than of asparagine. If the amide, as 
well as the amino, group of glutamine can enter into the transamination 
reaction and as, in view of its greater reactivity, the glutamine amide group 
is also the most labile source of ammonia for amino-acid formation from 
keto acids, then it becomes evident that this substance is an exceptionally 
versatile nitrogen donator to nitrogen free compounds. This may well be 
the key to the special significance of glutamine in protein synthesis and may 
account for the evident fact that, en route from soluble nitrogen reserves, 
the course of protein synthesis in the cells of potato tuber is canalized 
through glutamine. 

The present paper has concentrated upon the amide fractions of potato 
tissue. Further work on the biochemistry of potato tissue under conditions 
conducive to active metabolism is still required. The need to investigate the 
amidase activity and the transamination system of potato in relation to its 
glutamine content arises directly from the present paper. Much, however, 
still requires to be learned of the identity of the amino-acids and organic 
acids of the potato tuber and of their relation to protein synthesis and 
respiration, in order that the biochemistry of potato tissue, under the con- 
ditions which are conducive to active metabolism and to the accumulation 
of salts from dilute solutions, can be adequately comprehended. 


Summary of main conclusions 
I 


For purposes of extracting amides, aqueous extracts are preferable to 
70 per cent. alcoholic extracts of fresh tissue. Aqueous extracts are not as 
selective as aleoholic ones and contain protein coagulable by heat. The 
amount of the amides extracted is not affected by drying the tissue before 
extraction. Extracts of dry tissue, however, contain less protein than ex- 
tracts of fresh. Prior to the determination of the soluble nitrogen fractions 
protein is removed by heat coagulation. Though the quantity so removed 
is less than by use of various precipitants, including alcohol, this avoids con- 
taminating the extracts with reagents which require to be removed before 
the analyses. Alcohol proves to be the most drastic of the protein-N pre- 
cipitants with the exception of tungstic acid. The nitrogen of the aqueous 


extracts is not completely accounted for by heat coagulated protein, am- 
monia-N, easily hydrolyzable amide-N, 
amino-N. It would be consistent with all these facts if the aqueous ex- 
tracts contained other more complex, probably basic, substances which are 
absent from alcoholic extracts and disappear on purification. A complete 
account of the aleohol soluble nitrogen and of the nitrogen content of puri- 


asparagine amide-N, and true 
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fied aqueous extracts can be given in terms of ammonia-N, easily hydro- 
lyzable amide-N, asparagine amide-N, and true amino-N. Methods which 
give the best results for the determination of these fractions of the soluble 
nitrogen are described. 

Ammonia-N should be determined by distillation under reduced pres- 
sure at 40° C.; distillation of ammonia in a micro-Kjeldah! apparatus causes 
some hydrolysis of amides. The determination of total amide-N presents no 
difficulty. In determining easily-hydrolyzable, amide-N, however, the hy- 
drolysis of both pure glutamine and the easily-hydrolyzable amides of potato 
extracts was retarded by alcohol. Therefore, to avoid low results alcohol 
should be removed by distillation under reduced pressure before determining 
these amide fractions. It is verified that the true amino-N content of these 
extracts is obtained by determining amino-N (Van Slyke) and subtracting 
80 per cent. of the easily hydrolyzable amide-N. The behavior of the easily 
hydrolyzable amide-N fraction under these analytical procedures is con- 
sistent with this substance being glutamine. 


II 


The effect of lead acetate precipitation followed by mercuric nitrate pre- 
cipitation or precipitation by the Neuberg and Kerb reagent (mercuric 
acetate) on all the soluble nitrogen fractions was determined as well as the 
effect of phosphotungstic acid on the nitrogen compounds after liberation 
from the mercuric precipitates. In the light of these results the procedure 
for preparing crystalline amides from potato tuber was perfected. It de- 
pends upon precipitation of mercuric nitrate compounds from the filtrate 
after lead acetate precipitation and crystallization from the solutions of the 
nitrogen compounds prepared by decomposing the mercuric compounds. 
Crystallization was practiced first from aqueous, then from solutions pro- 
gressively stronger in alcohol. 

Two parallel batches of 2.5 and 3.5 kgm. of fresh tissue were worked up 
by the method prescribed. At each stage analyses of all the principle 
nitrogen fractions show the course of the purification ; 71.5 per cent. of the 
easily hydrolyzable amide of the fresh tissue was recovered in the crystalline 
products. This represented 98 per cent. of this amide in the mercuric 
nitrate precipitates which in one series contained 93 per cent. of the easily 
hydrolyzable amide of the fresh tissue; hence it should have been possible, 
but for one inadvertent circumstance, to obtain crystalline deposits contain- 
ing 91 per cent. of the easily hydrolyzable amide of the tissue and to have 
recovered 80 per cent. of the easily hydrolyzable amide-N of the initial 
extract as crystalline glutamine. 


III 


Crystalline products containing the amides were submitted to repeated 
erystallizations. By a process described, tyrosine, glutamine, and aspara- 
gine were prepared in pure form. The yields obtained corresponded to 
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0.116 gm. tyrosine; 1.42 gm. asparagine; and 1.51 gm. glutamine per 1000 
gm. of fresh tuber tissue. This accounts for 66 per cent. of the easily 
hydrolyzable amide-N contained in the fresh tissue as crystalline glutamine ; 
fer 61 per cent. of the stable amide-N of the tissue as crystalline asparagine ; 
and 36 per cent. of the Van Slyke amino-N of aqueous extracts as amide-N 
and as tyrosine. Elementary analyses, melting points, and analyses of 
amide- and amino-N content of the erystalline products are all consistent 
with their identity as the pure substances designated. The yield of gluta- 
mine obtained is an advance upon any previous report and the method 
deseribed should make it possible to isolate glutamine in high yield even 
when asparagine is present in greater quantity. 


IV 


The identification of the easily hydrolyzable amide fraction of potato as 
glutamine together with the known reactions of this substance, re-emphasizes 
the key position already assigned to this amide in protein synthesis. 

That synthesis and hydrolysis of the amides may proceed under specific 
amidases is noted and also that amidase activity may well be influenced by 
pH (by analogy with enzyme preparations from animal organisms) after 
dialysis. The amidase activity of potato sap can be distinguished from 
potato oxidase and its oxidative deamination. In leaves, the quantitative 
synthesis of glutamine from q-ketoglutaric acid has been established, but 
there is little direct evidence for potato tissue beyond the fact that organie 
acid radicles are consumed during synthesis. 

The bearing of glutamine on protein synthesis does not derive from its 
incorporation, as such, in the protein but is due much more to its ability 
to donate nitrogen to other molecules about to be synthesized into protein. 
‘‘Transamination,’’ whereby amino groups are transferred enzymatically 
from amino-acids of dicarboxylic acids to a keto acid, is important beeause 
glutamic acid is particularly active in this respect and may be reconstituted 
from other amino-acids (e.g., of monocarboxylic acids). which do not other- 
wise enter into the transamination reaction. It is still inconclusive whether 
the amide group of glutamine behaves like an amino group under the infiu- 
ence of the enzyme which procures transamination. Be this as it may, the 
reactive amide group of glutamine is the most labile source of ammonia for 
synthesis. Therefore, the significance of glutamine seems to be that as the 
soluble nitrogen passes through this substance the amino-groups become par- 
ticularly susceptible of being ‘‘donated’’ during amino-acid formation, and 
the amide group constitutes a particularly labile source of nitrogen for 
synthesis. 


Further investigation of the amidase and the supposed aminophorase 
systems of potato are necessary, and the nutritional effects of g-keto acid 
supply should also be determined. The biochemical survey of actively 
metabolizing potato discs should now be extended to identify the other 
components of the amino-N fraction and possibly also the aleohol insoluble 
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nitrogen compounds. This is necessary to specify the range of substances 
from which nitrogen is withdrawn and canalized through glutamine en 
route to the more complex substances. 


The work at Birkbeck College was interrupted by war conditions. The 
junior author was able to complete the experimental work at the University 
of Manchester where he enjoyed facilities for which thanks are now ex- 
pressed. 

The comprehensive paper by ARCHIBOLD on the chemistry of glutamine 
and its réle in animals and plants appeared after this paper was prepared ; 
it will be found in Chemical Reviews 37: 161-208. 1945. 


BoTaNy DEPARTMENT 
BIRKBECK COLLEGE 
UNIVERSITY OF LONDON 
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THE EFFECT OF VARIOUS IONS ON GUTTATION 
OF THE TOMATO’ 


G. J. RALEIGH 


Introduction 


In a previous publication (6) attention was called to the fact that in 
an experiment with tomato plants, those supplied with complete nutrient 
solution guttated while those in solutions lacking both nitrate and am- 
monium nitrogen did not guttate. At that time it was thought that the 
low pH of the solutions might have been responsible for the lack of guttation. 

Two additional observations made during the course of later work have 
suggested that pH alone may not have been responsible. On May 8, 1942, 
all plants in complete nutrient solutions that had been changed three days 
previously were guttating markedly while others in solutions that had not 
been changed were not guttating. In neither instance was the pH low. 
On May 19, 1942, plants that had been allowed to grow in complete solutions 
for 18 days but were supplied with additional calcium during the interval 
were treated as follows by adding concentrated solutions to the depleted 
solutions : 


. Complete solution (Hoagland solution #2). 

. Complete solutionbut all nitrogen from urea. 
. Solution lacking nitrogen. 

. Solution lacking phosphorus. 

. Solution lacking potassium. 

. Solution lacking calcium. 

. Cheek (water only added). 


On May 20, a very humid day, guttation water was dropping from all 
the plants in treatments 1 and 6, and none was visible on any plant in any 
other treatment. The pH of the urea and of the minus-nitrogen solutions 
was low (pH 4.6), but that of all of the other solutions was about pH 6 
except that of the check solution which was nearly neutral. These observa- 
tions suggested the >ossibility that addition of an element to a nutrient 
solution low in that element might cause guttation of plants that had been 
checked in growth by the deficiency of the element. 

GROSSENBACHER (2) in the course of his work on diurnal fluctuation in 
root pressure noted that plants transferred to fresh, dilute, but balanced 
nutrient solutions respire’ appreciably more and developed much more 
root pressure than those transferred to dilute CaSO,. Hamner (3) found 
that nitrate increased the respiration of tomato and of wheat plants with 
high carbohydrate reserves. HoAGLAND and BRoYER (5) suggested that 
their finding concerning the effect of carbohydrate reserves on salt absorp- 


1 Paper no. 276. Department of Vegetable Crops, Cornell University, Ithaca, New 
York. 
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tion had implications as far as root pressure was concerned. In later work, 
Broyer and HoaGLanp (1) showed the importance of the relation of root 
metabolism to the upward movement of salt. Guttation was greater on 
plants which were originally grown with the smaller supplies of salts and 
were initially higher in sugars. 


Procedure 


With the exception of the experiment with potted plants grown in soil, 
the strain of tomato used in these experiments was one selected from a single 
plant in a uniform field of Bonny Best. Seed was grown for two genera- 
tions on isolated plants. Single plants were grown in crocks of 6-liter 
capacity in Hoagland’s #2 solution with A5 minor elements added? until 
they had reached a height of approximately 130 cm. before they were 
changed to solutions lacking a single nutrient. They were then allowed to 
grow in the deficient solution until deficiency symptoms were evident. Care 
was taken to maintain the supply of all nutrients except the deficient one. 
This was done by changing the solutions or by the addition of equivalent 
chemicals. The pH of the solutions lacking nitrogen was adjusted every 
other day with NaOH. A lack of a test for nitrates in any part of the plant 
as indicated by diphenylamine was considered evidence of nitrate deficiency. 
At this stage the iodine test for starch indicated high carbohydrate reserves, 
as would be expected. The diphenylamine test was not. relied on in the 
single experiment with Hubbard squash in culture solution. In that experi- 
ment, yellow color of the lower leaves and markedly retarded growth were 
used as an index of nitrogen deficiency even though the petioles of the older 
yellow leaves gave a test for nitrate with diphenylamine. 

When deficiency symptoms were noted, the plants were transferred from 
the greenhouse to an underground room with porous brick walls which had 
been thoroughly soaked with water prior to the experiment and which were 
kept wet during the course of the work. Solutions were added, and the time 
required for guttation was noted. In preliminary experiments it made no 
difference if a complete solution or a solution of a compound containing the 
deficient element was added to the deficient solutions. In the work reported 
here the latter procedure was followed. The relative humidity of the room 
ranged from 93 to 96 per cent. and the temperature varied within 2 degrees 
during any one experiment and from 68° to 74° F. for all experiments. 

In these experiments it was difficult to find a satisfactory index for 
amount of guttation. Even though much of the solution guttated by the 
plants was lost in eollecting it by placing a test tube under each drop, that 
method was considered as satisfactory as any. In a)l of the following experi- 
ments where guttation is indicated as marked, it was possible to collect 
from 1 to 3 ml. of solution from the plants at one time and to repeat the 
collection after a few hours. In no experiment, except that mentioned under 
‘‘THE EFFECT OF NITRATE AND OF AMMONIUM NITROGEN ON GUTTATION’’ did 


2 The solutions used in these experiments were essentially those given in citation (4). 
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a plant guttate if grown in a solution deficient in an element and not sup- 
plied with that element when the plants were placed in the moist room. 


EXPERIMENTS WITH NITROGEN 


THE EFFECT OF NITRATE AND OF AMMONIUM NITROGEN ON GUTTATION.— 
Plants grown from seed sown April 9, 1942, were kept in complete solutions 
until July 25 at which time the solutions were low in nitrogen as indicated 
by the diphenylamine test. On July 25 they were transferred to dilute 
solutions lacking nitrogen and on July 29 were placed in the moist room. 
Solutions of NaNO, and of NH,Cl were added to the deficient solutions to 
make the concentration of NaNO; and of NH,C! 0.006 M in respective treat- 
ments. To another lot of 4 plants water was added. As indicated in table I 
the plants with nitrate added began to guttate after 6 hours. The plants 
with ammonia added did not guttate as rapidly, but all were guttating in 
19 hours. One of the plants allowed to remain deficient in nitrogen showed 
a very small amount of guttation at 2:30 p.m. but not a sufficient quantity 
to make it possible to collect any of it, and no more was evident after that 


TABLE I 
TIME REQUIRED FOR GUTTATION TO BECOME APPARENT AND AMOUNT OF SOLUTION COLLECTED 
FROM PLANTS FOLLOWING THE ADDITION OF NaNO, AND OF NH,Cl T0 NITROGEN- 
DEFICIENT SOLUTIONS. EXPERIMENT STARTED 11: 00 A.M. 














TREATMENT 5:00 Pm. | 2:30 am. | 6:30 a.m. | 8:00 a.m. | 4: 00 P.M, 
NaNO,—0.006 M All ied be oe 
NHCl—0.006M 1 | ies... x | 3.1 ml. 
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time. None of the other three plants in solutions to which water was added 
guttated. During the course of the experiment the solutions supplied with 
NH,Cl were tested for pH three times and NaOH added to raise the pH 
to approximately 6.5. The amount of guttation water collected from the 
plants with NH,Cl at the 19th hour is shown in table I. The nitrate plants 
guttated profusely. 

Microchemical tests indicated the presence of nitrates and of ammonia, 
respectively, in the guttated solutions soon after it was possible to collect 
solutions from plants supplied with nitrates and those in solutions to which 
ammonium chloride had been added. 

The experiment was repeated in May, 1944. The plants were moved to 
the moist room at 10:00 am. At 10:00 p.m. two plants supplied with 
nitrate were guttating. The plants were not seen again until 8:00 4.™. 
the following day at which time the other two plants with nitrate were 
guttating. The plants supplied with NH,Cl were guttating at 11:00 a™. 
and 2:30 p.m. of the second day. The plants in solutions to which water 
alone was added did not guttate. 

On the third day the plants were tested for nitrates, using the xylenal 
method. The leaflets of the check, the ammonia and the nitrate plants 
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tested, respectively, 10, 20 and 150 p.p.m. of nitrate nitrogen. Guttated 
solution collected at that time from the nitrate plants contained 12 p.p.m. 
The difference in the nitrate content of the check plants as compared with 
those supplied with NH,Cl cannot be considered significant due to the inade- 
quate number of tests made. 

EXUDATION FROM DECAPITATED PLANTS SUPPLIED WITH NITRATES.—In this 
experiment plants grown from seed sown on May 28, 1942, were kept in 
complete solutions until July 27 at which time they were transferred to 
solutions lacking nitrogen. On August 21 nine plants were transferred to 
the moist room, and the tops of three of the plants were cut off six inches 
above the root. The other six plants were not decapitated until six hours 
later when guttation was becoming evident on the three of them in solutions 
to which NaNO; had been added to supply 0.006 M NaNO,. The total 


TABLE II 


AMOUNT OF BLEEDING FROM DECAPITATED PLANTS IN NITROGEN-DEFICIENT SOLUTIONS 
SUPPLIED WITH NITRATE (IN ML.). EXPERIMENT STARTED 
Aveust 21 at 11:00 a.m. 
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Nothing added 1 20 45 81 100 | 130 154 
decapitated 5: 00 P.M. 2 11 36 64 98 108 116 

3 20 58 84 110 130 161 

NaNO,—0.006 M 1 70 150 207 |. 230 27 323 
decapitated 5: 00 p.m. 2 176 392 494 | 550 600 650 
3 170 360 555 680 890 1215 

NaNO,—0.006 M 1 58 154 223 275 335 435 
decapitated 11:00 a.m. 2 265 427 540 640 720 860 
3 163 318 408 532 642 767 








amounts of bleeding for each of the six days following the beginning of the 
experiment are shown in table IJ. There was considerable variation in the 
amount of bleeding within the two treatments receiving nitrate but no sig- 
nificant differences between those that had been decapitated at the beginning 
of the experiment and those cut off after they began to guttate. No plants 
with nitrates bled less than twice as much as the maximum amount from a 
plant in nitrogen-deficient solution. The average of those receiving nitrates 
was approximately five times greater than those in deficient solutions. 
EFFECT OF NITRATE SOLUTIONS ON THE GUTTATION OF POTTED PLANTS.— 
Tomato plants of the Earliana variety seeded February 10, 1943, and set 
into potting soil on February 27 were selected on the basis of foliage 
appearance and a lack of nitrate in the foliage (diphenylamine test) and 
placed in the moist room. At that stage the plants were 27 cm. tall. Eight 
plants were given 200 ml. of NaNO; (0.012 M) and a similar number the 
same quantity of distilled water. All of the plants supplied with nitrate 
were guttating after four hours, and guttation was marked after six hours; 
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none of those given distilled water guttated during the two days of the 
experiment. 

EFFECT OF NITRATE SOLUTIONS ON GUTTATION OF SQUASH PLANTS.—On July 
28, 1944, eight Hubbard squash plants were transferred to the moist room. 
They were seeded June 20 and grown in nitrogen-deficient solutions from 
July 20 after having been in complete solutions for twenty days. Sufficient 
NaNO, was added to the nitrogen-deficient solutions to make the NaNO, 
content 0.005 M. No nutrients were added to the solutions of the other four 
plants. Five hours later all of the plants in the nitrate solutions were 
guttating. The plants in nitrogen-deficient solutions did not guttate during 
a 2-day period. 


EXPERIMENTS WITH PHOSPHORUS 


On May 4, 1944, eight plants seeded December 20, 1943, were placed in 
the moist room. They had been grown since March 14 in phosphorus- 
deficient solutions and were showing phosphorus-deficiency symptoms as 
evidenced by bronzing of the leaves and reduced growth. Enough KH,PO 
was added to the phosphorus-deficient solutions of one-half of the plants 
to make the concentration of KH,.PO, 0.001 M, and the remainder were 
used as checks. After seven hours one plant given phosphorus was gut- 
tating; two more were guttating after twenty hours (not seen in interval) ; 
and the fourth after twenty-three and one-half hours. Marked guttation 
continued after that time. None of the plants in solutions lacking phos- 
phorus guttated. 


EXPERIMENTS WITH POTASSIUM 


Twelve plants seeded April 9, 1942, and grown in complete solutions 
from May 5 to July 11, were transferred to potassium-deficient solutions on 
that date. On August 5 they were placed in the moist room. To the solu- 
tion of 4 of the plants enough KCl was added to make the concentration of 
KCl 0.006 M, four were supplied with KNO, (0.006 M) and to four, no 
chemicals were added. None of the plants without potassium guttated. 
The degree of guttation following the adding of the two salts of potassium 
is shown in table ITI. 

The experiment was repeated in May, 1944, with similar results except 
that two of five plants supplied with KCl did not guttate. When these two 
plants were sectioned longitudinally after the experiment, many brown 
areas were found in the stems. This necrosis may have been due to excessive 
potassium deficiency. 


EXPERIMENTS WITH CALCIUM AND MAGNESIUM 


Two experiments with calcium made in 1942 and 1943 and one with 
magnesium made in 1944 gave negative results. Plants showing marked 
ealeium deficiency or marked magnesium deficiency did not guttate when 
the respective nutrients were added to the deficient solutions. 
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Discussion 


The addition of nitrates to nitrogen-deficient solutions caused marked 
guttation of plants that had grown in such solutions until no nitrate nitro- 
gen was present in any of the tissues as indicated by the diphenylamine test. 
At that stage, the plants were high in starch as indicated by the iodine test. 
Presumably, the supplying of nitrate to such plants caused an inerease 
in respiration as shown by Hamner (3). Ammonium nitrogen, when sub- 
stituted for nitrate, produced similar results, but the time required for 
guttation to start was longer. It is difficult to evaluate the part played by 
the oxygen from the nitrate. The fact that plants in solutions containing 
nitrates guttated profusely in a shorter time than those in solutions with 


TABLE III 


TIME REQUIRED FOR GUTTATION TO BECOME APPARENT ON PLANTS FOLLOWING THE 
ADDITION OF POTASSIUM SALTS TO SOLUTIONS DEFICIENT IN POTASSIUM. 
EXPERIMENT STARTED 10: 00 A.M. 
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KNO—0.006 M Lf eccsncen Considerable | Marked | Marked 
2 | Slight Marked | Marked | Marked 
SS Considerable | +4 to marked Marked 
4 Slight Marked | Marked | Marked 








ammonium nitrogen may have been the result of oxygen supplied by the 
nitrate. It may be that those given ammonia were delayed by the acidity 
resulting from its use even though the solutions were made neutral at fre- 
quent intervals. Quantities of nitrate and of ammonium nitrogen could be 
found by microchemieal tests in guttated solutions soon after it was possible 
to collect such solutions. Because transpiration was markedly reduced by 
the saturated atmosphere in which these experiments were made, it is pre- 
sumed that the nutrients in the guttated solutions could not have been 
carried in the ‘‘transpiration stream’’ but were the result of root activity. 

The results of the second experiment with K indicate that injuries to 
some of the plants probably caused by the deficiency of K may have been 
responsible for a lack of guttation when solutions containing K were added 
to depleted solutions. Injury may also have been responsible for similar 
results in the experiments with Ca and Mg, and it is possible that guttation 
might have occurred had the plants been removed to the experimental room 
at an earlier stage in the development of deficiency of each of those elements. 

No attempt was made to determine the mechanism responsible for gut- 
tation. If some specific mechanism is involved, it would seem that it is 
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activated by any one of a number of elements if its inactivation has been 
brought about by a lack of that element. 


Summary 


Tomato plants were grown in complete solutions and then transferred to 
solutions lacking nitrogen, phosphorus, potassium, calcium and magnesium, 
omitted singly until deficiency symptoms were clearly evident. When the 
lacking nutrient was supplied to the deficient solutions and the plants were 
kept in a room with relative humidity of about 94 per cent., marked guttation 
oceurred in the plants supplied with nitrogen, phosphorus, and potassium 
respectively. Guttation did not occur on the plants in the deficient solutions 
or on those in solutions supplied with calcium or magnesium. 
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LENGTH OF LIFE OF ROOTS OF TEN SPECIES OF PERENNIAL 
RANGE AND PASTURE GRASSES" ? 


J. E. WEAVER AND ELLEN ZINK 
(WITH SIX FIGURES) 


Introduction 


It is well known that death of the tops of practically all prairie grasses 
occurs each fall in temperate grasslands where the soil is regularly frozen. 
Year after year new shoots replace the old ones in this vegetation of long- 
lived perennials. But as to what portion of the root system is retained and 
over what period of time, we are almost without information. This main- 
tains despite the fact that much work has been done to increase our knowl- 
edge of the root systems of prairie grasses. Since the early studies of 
Weaver (6, 7) on their depth and lateral extent, detailed investigations 
have been made by PAVLYCHENKO (1) upon their rate of growth, total root 
length, and quantity and quality of root material. The quantity of root 
material under different grassland climates has been ascertained by SHIVELY 
and WEAVER (2), and the quantity under different degrees of utilization of 
these grasses in the same climate by WEAVER and Harmon (8). WEAVER, 
Hoveen, and WELpon (9) studied the amount of root material at different 
soil depths; but the length of life of the roots of prairie grasses, except for 
brief study by Stoppart (4), seems to have been entirely neglected. How- 
ever, an investigation on the longevity of the seminal roots of certain grasses 
has recently been made by WEAVER and Zinx (10). 

This lack of information is general for other grasses as well. Notable 
exceptions are the studies of Spraaue (3) on Kentucky bluegrass and 
Colonial bent, and of Stuckey (5) on twelve species of cultivated grasses. 
Sprague concluded that at least one-half of the root system is newly gen- 
erated each spring; Stuckey states that for some species the whole root 
system is regenerated annually. 


Methods 
CONTAINERS 


Plants were grown from seed in large containers. Nine cylindrical cans 
made of heavy galvanized iron, 24 inches tall and 18 inches in diameter, 
were filled with loam potting soil. This had been screened, brought to an 
approximately uniform water content favorable for rapid growth, and thor- 
oughly mixed. The soil had a hygroscopic coefficient of about 10 per cent. 
Openings in the bottom of the cans, covered with woven wire and an inch 


1 Contribution from the Department of Botany, University of Nebraska, no. 148. 

? This investigation was aided by a grant to the senior author from The Graduate 
Couneil of The University of Nebraska, and grants to the junior author from the Nebraska 
Academy of Seiences. 
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depth of gravel, afforded adequate drainage. In filling the containers to 
near the top, the soil was tamped firmly in place. A removable extension 
consisting of a heavy galvanized iron band, 6 inches wide, riveted and 
soldered, and just large enough to fit within the container, was inserted to 
a depth of 2 inches. Here it rested on a number of rivet-heads just inside 
the metal rim. This removable extension, which was filled with soil consist- 
ing of well-mixed half sand and half loam, increased the depth of the con- 
tainer 4 inches. In addition, 26 heavy galvanized iron containers, 9 by 9 
inches in diameter and 29.5 inches deep, were used. Each was fitted with a 
removable extension, which increased the depth to 33.5 inches, and per- 
mitted by its removal and the washing away of the sand-loam mixture easy 
access to the roots. 

Seeds were planted early in March. Those of two species of grasses were 
planted on opposite sides of each of the large containers and about 4 inches 
from the side of the extension. Thus, seed of each of 9 species was planted 
in duplicate but in different large containers. A third planting of each 
was made in one of the smaller containers. Three groups of each species 
were required, since the plan was to examine one lot at the end of each of 
three growing seasons, and it was necessary to destroy the plants in order 
to examine the individual roots. Also three other smaller containers were 
planted with seed of the tenth species. In addition, 5 more of the smaller 
containers were used since it was desired to grow additional plants of 
certain species. Proper watering and mulching promoted prompt germina- 
tion and good establishment. Once established, the seedlings were thinned 
to 5 or fewer in each planting. 

BANDING 

In order to ascertain with certainty the longevity of the roots, a method 
of banding them individually was devised. Preliminary banding was done 
in 1929 and methods of procedure outlined. These were successfully used 
by Stopparr (4) in 1932. An opportunity to band roots on a large scale 
was afforded in the spring of 1943. Bands 8 to 10 millimeters long and 
2 to 3 millimeters wide were cut from tin obtained from new, unpainted 
tubes such as are used for tooth pastes, ointments, ete. The thickness of the 
sheet of tin was only 0.12 of a millimeter, and hence it was very pliable yet 
durable. Bands remained bright and unrusted even after 3 years in the soil. 

The first banding of the roots was done between April 26 and May 14, 
1943, when the seedling grasses were 53 to 67 days old. The roots were 
exposed by removing the extension and washing away the soil by means of 
a gentle spray of water. It was usually necessary to support the tops of 
the plants by fastening them to a wire thrust deeply into the soil. Banding 
was done on damp or rainy days in much subdued light (5 to 10 per cent.), 
and over a wet floor. Care was taken to keep the roots moist by frequent 
spraying with a bulb type of hand spray. The grasses were uninjured by 
this root exposure. At the initial banding all roots 2 inches or more im 
length (excluding the seminal root or roots) were banded. Usually 2 to 6 
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roots, varying with the species, were too short to band. The number banded 
varied from 5 to 74 depending upon the species and the number of seedlings 
employed. The banding required two persons, one to separate the individual 
roots one by one from the others. This was done with a hand ice pick. The 
other person placed a band, which had previously been formed by rolling 
the tin into an open cylinder around the small end of a pipette, about the 
root by means of tweezers. It was then gently but tightly rolled between 
thumb and forefinger until it fit closely around the root (figs. 1,2). The 
band partly unrolled if the root grew in diameter. When all the roots were 
banded, the extension was replaced and the roots covered with a mixture of 





Fig. 1. Roots of switch grass (Panicum virgatum) about 3 months old, exposed for 
banding on June 11, 1943. 


dry sand and soil. This readily filled all the spaces about them. It was 
added gradually and immediately watered by means of a bulb spray. This 
was repeated until the extension was filled. 

A second banding, involving new roots of the same plants that developed 
later, was made between June 7 and 15, 1943. This was for the purpose of 
increasing the number of rovts under observation. The plants had grown 
rapidly, tillered abundantly, and some had produced rhizomes. “They were 
12 to 21 inches tall. A few of the early bloomers had produced flower stalks, 
and some were flowering. After the extension was removed, a fine, gentle 
spray of water was used to slowly wash away the soil from the root-mass. 
Usually all of the new roots were banded, but in some species they were so 
numerous that only a part of them was used. The total number banded 
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per species varied between 100 and 419. In plants of most species the new 
roots formed a peripheral cover which obscured those banded earlier. After 
banding was completed, a process which required from 30 to 60 minutes 
or more, dry soil mixed with sand was placed about the roots and imme. 
diately watered. Even these larger plants showed no wilting or other signs 
of injury as a result of the root exposure. It was observed that with several 
species nothing was gained by banding before the new roots had enlarged 
considerably and that the same purpose could be accomplished by one 
banding at a date intermediate to those previously used. Henee, a single 





Fie. 2. Roots of crested wheat grass (Agropyron cristatwm) with numerous bands 
attached but not yet tightly rolled. It produces an abundance of roots early in life. 


banding was made thereafter for plants that were grown to supplement the 
group employed at the beginning of the experiment. 

In 1943, 2,551 roots of 107 plants were banded. The next year roots of 
several species of grasses were banded where they were growing in the 
prairie. The following year other lots were banded to ascertain the effect 
of frequent removal of tops on the longevity of roots. 


CONDITIONS FOR GROWTH 


During the growing season the plants were placed in a greenhouse with 
panels of glass removed from the sides and with windows and ventilators 
open. The cement floor was well insulated with a thick layer of dried grass, 
tubs of water were placed on side benches, and humidity was approximately 
the same as out-of-doors. The sides of the containers were also well insd- 
lated against direct sunlight. Although the light was only 50 to 60 per cent., 
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the plants were widely spaced, and all made an excellent growth. All but 
two species, whose normal time for blossoming is in June, flowered the first 
season, and all flowered profusely each of the following summers. In 
autumn, the plants were clipped at a height of 2 inches (as is a mowed 
prairie), and the containers were placed out-of-doors ir. a large trench. The 
bottom of the trench was filled with gravel to furnish good drainage, and 
moist soil was firmly packed about the containers. The tops, now level with 
the soil, were lightly mulched with grass as is commonly furnished by the 
growth following fall mowing in prairie. The soil froze solidly to a depth 
of several inches each winter and in spring thawed and froze repeatedly. 
Each spring when growth began the containers were removed to the green- 
house until fall. This was done in order to protect the plants from injury 
by hail or by grasshoppers or other animals. Here proper care could best 
be given and especially insurance against waterlogging of the soil during 
periods of heavy rainfall. Moreover, injury by insects and competition by 
invading grasses could be more readily detected and prevented. Finally, 
the roots were much more easily recovered for final examination where each 
container could be moved about. 


EXAMINATION OF BANDED ROOTS 


In examining the banded roots, the container was placed on a small stout 
table about 18 inches high, so that it was accessible from all sides. The ex- 
tension was removed after tapping it repeatedly to free it from the soil. 
It was sometimes necessary to insert a long-bladed knife between it and the 
soil. The tops of the plants were then removed at the soil surface. With a 
gentle stream of water, the mixture of sand and loam was slowly washed 
away, except for that portion close to the plants. A sharp, long-bladed knife 
was then used to cut through the soil mass and sever the roots at the level 
of the top of the container. It was completely loosened from the loam soil 
below. The top 4 inches of the root system with soil intact about it was then 
inverted and placed in a white enameled tray 18 by 15 inches in length 
and width and 2.25 inches deep. ‘The tray was tilted, and the soil below 
the depth of banding was carefully washed away with a bulb spray or a 
very gentle stream from a hose. 

As the tangled root-ends were exposed, they were removed with a scissors 
and saved for inspection. Muddy water and loose soil were caught in a tub 
as they left the tray. Soon the small glistening bands became visible (fig. 3). 
As soon as one was found the root within it was examined to ascertain 
whether or not it was still alive. While no completely satisfactory test has 
been devised to determine whether roots of grasses are living or dead, long 
experience with the roots of many individuals of each species adds greatly 
to the accuracy of determination. Living roots often had a yellowish-white 
or brownish color which was usually very different from the color of the 
dead ones. They had good tensile strength and were not brittle. The dead 
roots were easily broken, and tensile strength was low. They were often 
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smaller, and sometimes they had decayed, and the band lay free in the masg 
of roots. Once familiar with the roots of these grasses, dead roots could 
be distinguished with certainty where, as here, several inches of the roots 
were exposed. 

After all the bands were removed from the more distal parts of the roots, 
two or more inches of the root-ends were again clipped. These were retained 
with the other clippings. Gentle spraying of the inverted roots revealed 
the bands near their proximal ends. They too were removed one by one. 
It was often necessary in older roots to carefully pry the crown apart to 
regain the last few bands. A record was kept of the total number of bands, 





Fig. 3. (Left) Inverted mass of roots of 3 plants of Panicum virgatum that were 
cut from the top of a container after the extension had been removed. The soil has been 
partly washed from the roots, but they have not been cut back far enough to reveal the 
bands. (Right) Roots of Andropogon scoparius. The finer and more flexible roots of the 
3 plants of this species have been pressed back and reveal some of the numerous bands. 
Both grasses were examined at the end of the second growing season. Each mass of roots 
is about 9x 9 inches in diameter. 


the number from living roots, and the number from dead ones as well as 
unattached bands. Since all of the washing was done in the white enameled 
tray and all soil was plainly visible in a very thin layer, it was only rarely 
that a band was washed out of the tray. Wash water and all soil were 
retained, however, until the total number of bands was accounted for. 


Results 
RESULTS OF FIRST GROWING SEASON AND FIRST YEAR 


The number of banded roots of each species and the percentage that died 
either by the end of the first growing season or by the end of the first year 
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after banding are shown in table I. Each entry represents a separate group 
of plants, and where there is only one banding it indicates that new lots of 
plants were grown during a later season in order to increase the total number 
of banded roots. 

Of the 7 species examined at the end of the first summer, only three 
showed root losses. These were Bromus inermis with 25 per cent. loss in 
one lot only. Losses in Agropyron cristatum were very low, 2 and 5 per 
eent., but Stipa spartea lost 18 per cent. Of roots examined at the end of 
the first year those of Bouteloua curtipendula alone suffered no fatalities; 
losses in four other species ranged from 16 to 36 per cent. (table I). 


TABLE I 


RESULTS OF FIRST GROWING SEASON AND FIRST YEAR 
































NUMBER OF ROOTS PERCENTAGE OF DEAD 
BANDED BANDED ROOTS 
SPECIES* 
First SECOND FALL, SPRING, 
BANDING BANDING 1943 1944 
Andropogon furcatus Muhl. 5 13 0 
(Big bluestem) 60 0 a 
Elymus canadensis L. 26 43 23 
(Nodding wild rye) 
Panicum virgatum L. 23 77 0 
(Switch grass) 
Agropyron smithii Rydb. 22 78 36 
(Western wheat grass) 
Andropogon scoparius Michx. 11 45 0 
(Little bluestem) si 55 0 
Bouteloua curtipendula (Michx.) Torr. 29 78 0 
(Side-oats grama) 
Stipa spartea Trin. = 33 18 
(Needle grass) 
Bouteloua gracilis (H.B.K.) Lag. 37 68 0 
(Blue grama) 
Agropyron cristatum (L.) Beauv. 56 2 
(Crested wheat grass) ‘ 60 5 
19 56 25 
Bromus inermis Leyss. 33 69 _ ea eer 
(Hugarian brome grass) | ‘ash 80 0 
fe 60 0 
| 34 66 16 
| 








* The first three are tall grasses, the next four are mid grasses, blue grama is a short 
grass, and the last two are important cultivated species. 

The excellent development of both roots and tops of grasses is shown in 
figure 4. Bromus inermis and Andropogon scoparius, both of which pro- 
duced abundant flower stalks, had developed root systems nearly 3 feet long. 
There were 57 and 93 roots per plant, respectively. Thus, the mass of roots 
of the several seedlings in the clump was very large. This reflected the good 
conditions for growth. 


RESULTS OF SECOND GROWING SEASON AND SECOND YEAR 
The number of banded roots and the percentage of those that died by 














ee, 


Naso m3 


SN Gn tie he gp te FL Fo air eoh O 


208 PLANT PHYSIOLOGY 


fall, or by the following spring of the second year, are shown in table IT. 
The plants were reduced to 9 species. since one lot of Agropyron cristatum 
grew very poorly. By the end of the second summer banded roots of Andro- 





Pic. 4. Tope and deeper roots of one season’s growth of Bromus inermis (left), 
Andropogon scoperius, and Stipa spartea (right). The top 4 inches of the root systems 
was destroyed im recovering the bands. Depth of root penc(ration was 32 inches. 


pogom furcatus and Panicum virgatum had suffered no loss and those of 
Andropogon scoperius only 5 per cent. loss. But half or more than half 
of the banded roots of four other species died. The following spring loss 
in Andropogon scopartus was 31 per cent.. which was nearly the same as 
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TABLE II wy 
RESULTS OF SECOND GROWING SEASON AND SECOND YEAR 
ve ee a’ 
a NUMBER OF ROOTS | PERCENTAGE OF DEAD : 
BANDED | BANDED ROOTS 
SPECIES + 
FIRST SECOND | FALL, SPRING, 
BANDING | BANDING | 1944 | 1945 
———— —— BAG ANS a Ss } ‘e 
Andropogon furcatus 13 10 0 
Elymus canadensis ... 35 67 73 
Panicum virgatum 20 31 0 
Agropyron smithii .. 20 47 55 
26 59 60 
Andropogon scoparius 15 53 5 
31 69 31 
Bouteloua curtipendula 33 68 64 
Stipa spartea | 17 23 50 © 
Bouteloua gracilis ......... 27 89 34 
Bromus inermis ................... 21 56 64 we ' “ 
that of Bouteloua gracilis. In Minis canadensis and Bouteloua curti- , 
pendula the loss was two-thirds or more of the roots banded. 
RESULTS OF THE THIRD GROWING SEASON 
Six species of grasses continued growth during the third summer. Plants 
of Panicum virgatum and Agropyron cristatum were accidentally destroyed. 
Work on Bromus inermis was terminated in the fall of 1944, and Agropyron 
smithii spread so widely in the container that it was necessary to remove 
it in the fall of 1944 in order to save Stipa spartea with which it was planted. Og 
The losses of banded roots among the six remaining species are shown im : 
table III. They were lowest in Andropogon furcatus (19 per cent.), 55 
per cent. in Bouteloua gracilis, and in four species they varied between 86 
and 100 per cent. 
SUMMARY OF SURVIVAL 
The average percentage of survival of each of the 10 species at each 
period they were examined is shown in table IV. Losses in all species, except . 
TABLE III . 
RESULTS OF THIRD GROWING SEASON ; 
ie PERCENTAGE : 
Nt as oe DEAD BANDED 
BAN ROOTS 
SPECIES ‘aa 
First SECOND FALL, 
BANDING BANDING 1945 
Andropogon furcatus ....... 20 60 19 
Elymus canadensis 0.00000 ooo 17 43 100 
Andropogon scoparius ..... a 43 57 90 e 
Bouteloua ene be’ 74 56 86 eu 
Stipa spartea ................. 4 12 15 90 * 
Boutelowa gracilis oe oeennnenn 45 45 55 
® 
* 
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TABLE IV 


PERCENTAGE SURVIVAL AT EACH EXAMINATION 









































Fat, | SPRING, Fatt, | Spring, | Fatt, 

Srscies 1943 1944 | 1944 1945 1945 
Andropogon furcatus 100 | | 100 81 
Elymus canadensis 0.0... 5 2 See 27 0 
Panicum virgatum 100 | 100 
Agropyron smithii 0000 |S 64 | 42 
Andropogon scoparius 100 : 95 eo: 1 BD 
Bouteloua curtipendula Been 100 | 36 14 
Stipa spartea . 82 | Soe, 50 10 
Bouteloua gracilis... 100 66 45 
Agropyron cristatum of: | 3 Se 3s 
Bromus imermis 00.000 92 | 84 | 36 





Agropyron cristatum, were gradual. Agropyron smithvi had a survival 
at the end of the second summer of 42 per cent., and Bromus inermis of 36, 
but all banded roots were alive on Panicum virgatum. Percentage survival 
at the end of the third growing season was: Andropogon furcatus 81, 
Bouteloua gracilis 45, B. curtipendula 14, Andropogon scoparius 10, Stipa 
spartea 10, but on Elymus canadensis none survived. 


NUMBER OF ROOTS PRODUCED 


It is common knowledge that each spring new roots are produced, often 
in abundance, by perennial grasses, at least in temperate climates. It is im- 
portant to consider the total number of roots in relation to the death of those 
produced early in life and the significance of the loss of the latter to the 
general welfare of the plant. Consequently, when the plants were examined 
a count of the total number of roots was made, and the average number per 
plant at different ages was thus ascertained (table V). All counts were of 
living roots; very few dead ones were found. In general, there was a 
steady increase in numbers with age. The number per plant was quite large 
and especially so in Bromus inermis (841). The very fine roots of Bouteloua 
gracilis likewise became very numerous (567), but the large, coarse ones of 























TABLE V 
AVERAGE NUMBER OF ROOTS PER PLANT AT DIFFERENT AGES 
FPAt, SPRING Fatt, | SPRING FALL, 

pemene 1943 1944 | 1944 1945 | 1945 
Andropogon furcatus 40 ine | 228 | 882 
Elymus avnadensis 00 307 | 319 | 438 
Panicum virgatum 60 | 26a | ‘ 
Agropyron smithii Ps. ee eae 
Andropogon scoparius 69 | | 248 323 177 
Bouteloua curtipendula _. 196 5] | . 423 378 
Bene epertes 24 175 
Bouteloua gracilis 37 167 567 
Agropyron cristatum 329 : 
Bromus tnermis eal 841 794 
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Andropogon furcatus were even more abundant (882). A single clump 
of 4 seedlings of Bouteloua gracilis produced during three seasons of growth 
a total of 2,268 individual roots (fig. 5). 

In the examination of three-year-old bunches of Bouteloua curtipendula 
it was observed that a few dead rhizomes occurred in the center of the clump. 





Fig. 5. Bunches of Bouteloua gracilis (left) and B. curtipendula at the end of the 
third growing season. In the root system of the first (cut off at a depth of 16 inches) 
roots occurred at the average rate of 28 per square inch. The four plants in the bunch 
on the right have a total of 1,512 roots. 


This was only 1 to 3 per cent. of the total interwoven lot. Likewise a part 
of the central and older portion of the crown of Andropogon scoparius had 
died. This, while very small, was the part to which most of the older roots 
(mostly banded) had been attached. In prairie, degeneration of plants 
of these species and of many bunch grasses usually begins in the center 
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of the crown and proceeds outward. Such degeneration would be well 
advanced in the soil before it would be at all conspicuous above ground, 
due to the crowding of stem and leaves. This may have been the beginning 
of the process. Certainly the loss of a few score of roots among hundreds 
of others would have little effect upon the plant. The writers have deter- 
mined experimentally that under usual conditions of growth the removal 
of half or even more of the root system had little harmful effect upon the 
growth of several species of grasses. Whether or not the roots that develop 
the second and third years are of longer life-span than those of the first 
remains to be ascertained. 


Roor BANDING IN PRAIRIE 


The roots of six species of grasses were banded where they grew in clay 
loam soil in prairie. This was accomplished with much more difficulty than 


' when the plants were grown in containers. Early in June, 1944, the soil 


was removed by means of a continuous stream of water from a portable 
spray pump to a depth of 3 to 4 inches about the roots of four species of 
bunch-forming grasses. Trenches 18 inches deep were dug in the sod of 
Andropogon furcatus and Sorghastrum nutans (L.) Nash. By using the 
spray of water on a wall of the trench, numerous roots were exposed. A 
few, as in the bunches, were white and turgid and clearly of the current 
year’s growth. Most of them were one or more years old. The exact age, 
of course, could not be determined. While the roots were kept moist by 
frequent sprinkling, the bands were attached to selected uninjured indi- 
viduals. Moist soil was replaced about them and thoroughly watered. The 
exact location of the plants was carefully marked by stakes driven into the 
soil so that the roots could be recovered later by removing a block of sod 
of minimum size. 

In April of the following spring bands were recovered by the washing 
process already described. This was far more difficult than with sand-loam 
soil even after the sods were thoroughly soaked in water. Four of the 20 
banded roots of Stipa spartea were dead, but only 1 among 24 roots of 
Adropogon scoparius. On young bunches of June grass (Koeleria cristata 
(L.)) Pers., 6 of the 30 banded roots had died, but 5 among 14 on mature 
plants. 

The remaining bands were recovered from the prairie at the end of the 
second summer. The number varied from 30 to 60 per species. Losses in 
one bunch of Stipa spartea were 54 per cent., in another 60. Other losses 
were: Andropogon scoparius 23 per cent., A. furcatus 45, Bouteloua curti- 
pendula 36, and Sorghasirum nutans 37. This work wes done primarily 
to ascertain whether or not the method was feasible under field conditions; 
the losses miay or may not be representative of those over a long period 
of time. 


EFFECT OF CLIPPING OF TOPS ON LONGEVITY OF ROOTS 


The banding method was used in an experiment on the length of life of 
both seedlings and established plants of several species of grasses. Seeds of 
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Bromus inermis were planted in the large type of container previously 
described. When the seedlings were 6 inches tall and tillered abundantly 
(May 10) 130 roots were banded. A week later the plants were clipped at 
a height of 2 inches (to simulate grazing) and every 10 days thereafter until 
June 20. After each clipping recovery occurred rather promptly. When 
the roots were examined on August 2 the plants were 5 to 10 inches tall and 
in good condition. Only 20 of the banded roots had died, which was 15 
per cent. of those originally marked. On the unclipped controls all of the 
140 banded roots remained uninjured. 

A similar experiment was performed at the same time with Agropyron 
cristatum. It recovered less promptly after clipping and grew poorly. 
Hence, next to the last clipping was omitted. On August 2 many of the 
tops below the clipping level were partially dead and dry, but all of the 
plants had made some new growth, which was 3 to 6 inches tall. Of the 110 
roots banded 80 had died. Of the unclipped controls, only 3 per cent. of 
the 116 banded roots had succumbed. Thus, repeated clipping resulted in 
a mortality of 73 per cent. of the roots. 

Four pieces of sod containing vigorous plants of Andropogon furcatus, 
and 4 with A. scoparius, were secured on April 15 from a prairie where the 
plants were just renewing growth. Each block of sod was 5 inches long, 
3 inches wide, and 3.5 inches deep. Each was placed in a separate box on a 
layer of moist sand and loam 5 inches deep, and soil was compacted about it. 
The tops grew rapidly and by May 17 abundant new roots 4 to 8 inches long 
had developed. The soil was now washed from the roots extending below 
‘the blocks of sod, the roots banded, and the sods carefully transplanted in 
the large containers previously used. They contained a mixture of sand 
and loam which was placed about the roots and sods in a manner that did 
them no injury. 

A total of 53 bands was placed on the new roots of the two lots of plants 
used as controls and 60 on those of the plants to be clipped. The experi- 
mental plants were clipped at a height of 2 inches and the controls at 4 
inches immediately after this second transplanting. Clipping, except for 
the controls, was repeated at intervals of 10 to 14 days until July 8, a total 
of 5 clippings. The plants recovered promptly after each clipping except 
the last, Andropogon furcatus showing better growth than A. scoparius. 
When examined on August 1, only 3 per cent. of the roots of the controls 
of Andropogon furcatus had died but 45 per cent. of those of the clipped 
plants. In A. scoparius the percentages of death of control and clipped 
were 3 and 64, respectively. Thus, the injurious effects of the frequent 
removal of most of the tops is shown bv the response of roots us well as by 
death in the crown, a loss that could be definitely ascertained by the band- 
ing method. _ 


Discussion 


The banding method was found unsatisfactory for some species of grasses 
with very fine roots. In Poa pratensis, Eragrostis trichodes, and a few other 
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species it was difficult to adjust the bands tightly enough to keep. other roots 
from entering the same band. This difficulty was not encountered with most 
of the native prairie grasses. Also where the number of moderately fine 
roots was very great and the roots compact, as in Bromus inermis and Agro- 
pyron cristatum, banding was more difficult. That the process of banding 
or the presence of the bands did not harm the roots is apparent since in most 
plants all of the banded roots were alive at the end of the first summer and 
many after a year or more. 

Bands were much more readily recovered from bunch grasses than from 
those producing sods, although certain sod-formers retained the bunch habit 
for a long time. Agropyron smith, for example, had only a few fine roots 





Fig. 6. The first four inches of underground parts of Agropyron smithii. The large, 
widely spreading, white rhizomes are more prominent than the rather small fine roots. 
This made banding difficult as well as the replacement of the soil without root injury. 
June 14, 1942. 


that supported the seedling plants. Very early several slender rootstocks 
developed which produced whorls of a few roots each from the nodes, which 
were an inch or more apart. Hence, the area for banding soon equaled the 
area of the soil surface (fig. 6). Quite in contrast were the root habits of 
bunch formers, and even Andropogon furcatus and Panicum virgatum in 
early life. They took complete possession of the soil immediately below the 
crown. The roots of these two species became so large (often two or more 
millimeters in diameter), even after two or three months, that they were 
closely compacted at their points of origin from the lower nodes and 
abundant tillers. 
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A close check was had on root losses from the two species of Andropogon 
by the minute examination of the roots of about 50 plants of each species 
each fall. They were grown out-of-doors in large steel drums for experi- 
mental purposes. In preparing these washed roots for weighing, the crowns 
were separated, and from each portion of the crown the roots were cut 
individually or in such small groups that every root was distinctly visible. 
They were then finally washed in a white enameled tray where dead or 
discolored roots could be seen plainly. None was observed at the end of 
either the first or second growing season. They occurred occasionally the 
third year. 

No losses and replacements of root systems similar to those reported by 
Spracue (3) and Stuckey (5) occurred. Sprague examined plants whose 
roots were almost confined to the first 9 inches of a gray-brown forest soil 
in New Jersey. He found that one-half of the root system, by weight, was 
newly generated each year. Stuckey states that for some of the species 
the whole root system was regenerated annually, with active production of 
new growth beginning in October. Most of the old roots degenerated shortly 
after the new ones developed. These species included Phleum pratense L., 
Festuca elatior L., Poa trivialis L., Lolium perenne L., and probably Agrostis 
tenuis Sibth. and Agrostis alba L. But on Poa pratensis L., Poa compressa 
L., Agropyron cristatum (L.) Beauv. and Dactylis glomerata L., only a small 
percentage of roots disintegrated the first year. - Although data by StoppArT 
(4) are meager the results with each of the four species of prairie grasses 
banded are in accord with those of the writers. 

Field observations over a long period of years indicate that Elymus 
canadensis, a grass common in moist places, is a species that depends for its 
permanency of occupation more upon rapid reproduction from seed than 
upon length of life of the individual. The limited data on Bromus inermis 
and Agropyron cristatum indicate considerable permanence of the roots 
developed the first year. All of the other prairie grasses grown are species 
of great stability, some individuals probably enduring for a quarter-century 
or more. While there was a gradual loss of the older roots year by year, 
the loss is indeed small if not entirely negligible when the great abundance 
of new roots produced annually is considered. For example, the loss in 
Bouteloua gracilis of 90 per cent. of the roots it produced by June 10 of 
the first summer amounted after three growing seasons to only 8 per cent. 
of the total living roots. Similar losses in Andropogon furcatus were 2 
per cent. 

Long life and hence permanency of occupation are characteristics which 
aid greatly in the adaptation of a grass to semiarid and arid climates. They 
are likewise important characters of grasses well adapted to soil binding and 
prevention of erosion. 


Summary 
Seeds of 10 species of perennial range and pasture grasses were planted 
in triplicate lots in loam soil in containers large enough for ample root 
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development. A removable extension at the top of each container was filled 
with sandy loam soil easily washed away when the extension was removed, 
thus exposing the roots for examination. 

Small bands of very thin, pliable sheet tin were placed around individual 
roots at each of two stages in the development of the plant. A total of 3,424 
roots of 181 plants were banded to ascertain their longevity. 

The roots were kept moist while exposed and then covered with dry soil 
which was immediately watered. Some were examined at the end of the first 
and second year, respectively, and the remainder at the end of each of three 
growing seasons. 

Ninety-seven per cent. of the banded roots of Agropyron cristatum sur- 
vived the first summer and 75 per cent. the first year. Survival on Bromus 
inermis was 92, 84, and 36 per cent. at three examinations. Survival on 
Panicum virgatum and Agropyron smithii was, after the second summer, 
100 and 42 per cent., respectively. After three growing seasons 81 per cent. 
of the roots on Andropogon furcatus survived, but none on Elymus cana- 
densis. Losses in all species were gradual, and after three growing seasons 
survival of roots was as follows: Boutelowa gracilis 45 per cent., B. curti- 
pendula 14, and Andropogon scoparius and Stipa spartea each 10 per cent. 

Average number of roots produced by individual plants varied from 175 
to 882 at the end of the third summer. Compared with the total number 
of roots, losses among the banded roots were small to negligible. They often 
amounted to only 2 to 8 per cent. of the total number of living roots. Nearly 
all of the species studied have a long life and show great permanency of 
occupation, both important features in prevention of soil erosion. 

Roots of 6 species of grasses of unknown age were banded in clay loam 
soil in prairie. At the end of a second growing season, losses ranged from 
23 to 45 per cent. except in Stipa spartea, where they were 57. 

Established seedlings of Bromus inermis and Agropyron cristatum with 
banded roots were clipped at 2 inches’ height at 10-day intervals. There was 
no loss from unclipped control plants of the first species and only 3 per cent. 
from the second. But roots of clipped Bromus suffered a loss of 15 per cent. 
and those of Agropyron 73. 

New roots from vigorous transplanted blocks of sod of Andropogon 
furcatus and A. scoparius were banded and the tops of one lot of each 
clipped at intervals of 10 to 14 days. After 5 clippings losses of roots were 
45 and 64 per cent., respectively. The unclipped controls lost only 3 
per cent. each. 
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EFFECTS OF POTASSIUM ON THE NITROGENOUS 
CONSTITUENTS OF ANANAS COMOSUS 
(L.) MERR.? 


GC. 2 Siseenis and H. Y. Youne 
(WITH ONE FIGURE ) 


General 


Results obtained at various times from field experiments have shown that 
the nitrate content of the tissues of Ananas comosus may be increased and 
the time of floral differentiation delayed by high applications of potassium 
in the field. These findings, suggesting interrelationships between nitrogen, 
potassium, plant growth and floral differentiation, are of significance and 
deserve attention. 

This study, concerned with the nitrogenous constituents of the tissues of 
A. comosus (L.) Merr. grown in nutrient solutions containing either high or 
low amounts of potassium and supplied with equal quantities of nitrogen 
either as nitrate or ammonium, is intended to furnish information on potas- 
sium and nitrogen interrelationships in growth. Ash constituents, chlo- 
rophyllose pigments, titratable acidity, and carbohydrates in the same plants 
were reported in earlier publications (20, 21). The effects of nitrate and 
ammonium nutrition on the nitrogenous fractions of A. comosus were also 
reported previously (22), but without variation in potassium. 


Review of literature 


Potassium-deficient plants may contain in some organs higher amounts 
of soluble organic nitrogen and lower amounts of protein nitrogen than 
plants supplied with ample or luxury amounts of potassium. This condition 
has been variously explained by different investigators. RicHarps and 
TEMPLEMAN (13) state that K-deficiency (a) causes rapid disappearance of 
protein in old but not in new leaves; (b) increases the amounts of amide- 
and amino-nitrogen ; and (c) promotes accumulation of nitrate. Watt (30, 
31, 32) claims that K-deficiency curtails protein synthesis at the transitional 
amino acid to protein stage. Burre.y (1) observed that K-deficiency in soy- 
bean plants increased slightly the amounts of amino- and amide-nitrogen but 
decreased protein nitrogen. NIGHTINGALE et al. (8) have shown that in 
K-deficient tomato plants the amounts of soluble organic nitrogen increased 
while those of nitrate- and protein-nitrogen decreased. Scuma.russ (17) 
claims that K-deficient plants of Avena sativa and Tradzscantia laikenensis 
contained higher values of dry matter and soluble organic nitrogen and 
lower of protein nitrogen than K-supplied plants. The same author also re- 
ports that the proportion of soluble- to protein-nitrogen depends on whether 

1 Published with the approval of the Director as Technical Paper no. 162 of the Pine- 
apple Research Institute, University of Hawaii. 
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the nitrogen in the nutrient solution is supplied as nitrate or ammonium. 
TuRTSCHIN (28) is of the opinion that K-deficient plants are unable to utilize 
nitrogen as ammonium because of the accumulation of toxic concentrations 
of NH,-ions and of glucose. Hisparp and Griaspy (7) have found no evi- 
dence that increases in potassium or calcium parallels the amounts of nitro- 
gen and protein. Harrr (6) claims that in the blades of 7-month sugar cane 
plants higher percentages of amino-, protein-, and total-nitrogen were found 
in potassium-deficient than potassium-supplied cultures, while in the stems 
the opposite relationship was found to occur. Pumps et al. (9, 10, 11) 
found more solids, reducing sugars, and insoluble nitrogen in K-deficient 
than in K-supplied plants. Roupr (14) states that a balance between potas- 
sium and nitrogen supply is necessary for efficiency in the assimilation of 
CO, and use of available light. Gregory (2) has summarized his views as 
follows: ‘‘ Potassium deficiency is characterized by (a) a marked increase 
in amino- and amide-nitrogen ; (b) accumulation of nitrate nitrogen in later 
leaves; and (ce) a very rapid breakdown of protein during senescence of 
leaves. At emergence the leaves show a normal protein content. It is held 
that potassium is not primarily associated with protein synthesis but is 
necessary for maintaining the protoplasmic complex, and in its absence 
rapid proteolysis occurs. In consequence of this protein breakdown, soluble 
nitrogen fractions accumulate throughout the plant.’’ 


Methods 


The composition of the nutrient solutions, cultural procedures, methods 
of chemical analyses of the tissues and of statistical treatment of the data 
have been described in previous publications (19, 20, 22). 

The titles of the treatments are reported synoptically in the text. Thus 
the 205 and 4 mg. of potassium per liter are designated by High-K or high 
potassium, and Low-K or low potassium, and the nitrate- and ammonium- 
nitrogen series by N-n and A-n, respectively. 


Observations 
TOTAL NITROGEN 


Total nitrogen, expressed in table II as the sum of the inorganic and 
organic nitrogen fractions, was higher in the High-K than Low-K cultures, 
being 1.162 and 1.026 times greater for the N-n and A-n series, respectively. 
Relative concentration ratios (R.C.R.), obtained by dividing the nitrogen 
ratio of High-K to Low-K cultures by the respective plant weight ratios, 
indicate the relative concentrations of various nitrogenous fractions in the 
High-K cultures with reference to the Low-K cultares. Such ratio values 
in table II show that the concentrations of total-N in the leaves and stem of 
the High-K cultures were smaller than those of the Low-K cultures. Similar 
concentrations in the roots were lower for the High-K cultures in the N-n 
series but higher in the A-n series. 

Inorganic nitrogen, the sum of NH, +NO;, as percentage of total nitro- 
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gen was 6.10 and 2.50 per cent. in the N-n series and 0.90 and 0.32 per cent. 
in the A-n series for the High-K and Low-K cultures, respectively. The 
higher values of inorganic nitrogen in the N-n series resulted from nitrates 
which are not assimilated until reaching the chlorophyllose tissues of the 


leaves. 
TOTAL ORGANIC NITROGEN 


This fraction, expressed as the sum of soluble organic-N and protein-N, 
is reported in table I as mg. per gram of fresh tissue. The data show signifi- 
cant difference between High-K and Low-K cultures in the organic-N content 
of the leaves (odds 1 : 3000 for the N-n and 1: 10,000 for the A-n series) and 
of the stem of the A-n series (odds 22:1) but not of the N-n series. Such 
differences in the leaves in favor of the Low-K cultures were 0.20 and 1.23 
mg. per gram for the N-n and A-n series, respectively. The data in table II 
reporting total amounts of organic nitrogen per plant show that such 
amounts were higher in the High-K than Low-K cultures because of greater 
plant weights in the former than the latter. However, it is interesting to 
note that organic nitrogen values, obtainable from the sum of soluble or- 
ganic-N and protein-N in table II, differed more between High-K and Low-K 
eultures in the N-n series (5,543 vs. 4,954 mg.) than in the A-n series (6,289 
vs. 6,165 mg.). Such differences may suggest that in the N-n series nitrogen 
absorption as nitrate was greatly influenced by the concentrations of potas- 
sium in the nutrient solution whereas similar influences on ammonium ab- 
sorption in the A-n series were negligible. Moreover, these findings indicate 
that NH, and K ions, although of the same electric charge, are not mutually 
antagonistic in their relationship to absorption by plants. 

Relative concentration ratios df total organic-N, obtainable from one-half 
the sum of soluble organic-N and protein-N values in table II, were smaller 
for the High-K than Low-K cultures in both series of nitrogen types. Com- 
parison of relative concentration ratio values as obtained above between N-n 
and A-n series shows that leaf and stem, but not root values, were lower in 
the latter than former series. 


SOLUBLE ORGANIC NITROGEN 


Soluble organic nitrogen values, reported in table I and figure 1, were 
higher in the Low-K than High-K cultures. In the leaves the difference of 
the means of soluble organic-N between High-K and Low-K cultures in favor 
of the latter cultures, was 0.15 and 0.99 mg. per gram for the N-n and A-1 
series, respectively. Similar differences in the stem for soluble organic-N, 
also in favor of the Low-K cultures, were 0.38 and 1.33 mg. per gram for the 
N-n and A-n series, respectively. Soluble organic-N values per plant, re- 
ported in table II, were approximately the same (2,380 vs. 2,294 mg.) in both 
High-K and Low-K cultures in the N-n series, but in the A-n series those of 
the Low-K cultures were much greater than of the High-K cultures (3,560 
vs. 2;753 mg.). Relative concentration ratio values were generally lower in 
the High-K than Low-K cultures in both series. 
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PROTEIN NITROGEN 


Mean values of leaf protein-N, reported in table I and figure 1, were 
higher for the Low-K than High-K cultures in both series. The difference 
of the means between High-K and Low-K cultures, in favor of the latter, was 
0.07 and 0.27 mg. per gram of fresh tissue or 8.8 and 30.7 per cent. for the 
N-n and A-n series, respectively. Similar differences in the stem, but in 
favor of the High-K cultures, were 0.24 and 0.17 mg. per gram of fresh tissue 
or 25.5 and 37.0 per cent. for the N-n and A-n series, respectively. 

Protein-N values of the leaves, reported in table II and figure 1, in favor 
of the High-K cultures, were 1.292 and 1.383 times greater for the N-n and 
A-n series, respectively. Similar values of the stems, also in favor of the 
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NITROGENOUS FRACTIONS 


Fig. 1, Total soluble organic-N and protein-N in the leaves and stem of A. comosus 
grown in solution cultures with 205 p.p.m. of K (H-K) or with 4 p.p.m. (L-K) and either 
with nitrate (N-n) or ammonium (A-n) nitrogen, 


High-K cultures, were 1.586 and 1.953 times greater for the N-n and A-n 
series, respectively. The data disclose that the rate of conversion of soluble 
organic-N to protein-N was greater in the stem than in the leaves of the 
High-K cultures, being 1.228 (1.586 + 1.292) and 1.412 (1.953 + 1.383) times 
in the N-n and A-n series, respectively. On the basis of information reported 
elsewhere (22), the aigher protein-N and soluble organic-N valves in the 
A-n than N-n series should be attributed to a greater rate of absorption by 
roots of NH, than NO; ions from the nutrient solution. 

Relative concentration ratio values of protein-N, in table II, disclose that 
in leaves and stem such values were lower in the High-K than Low-K cul- 
tures. Similar values of the roots were likewise lower for the High-K than 
Low-K cultures in the N-n series but higher in the A-n series. 
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ALPHA AMINO NITROGEN 


Alpha amino-N, a fraction of soluble organic-N determined by the Van 
Styxe (27) gasometric method, reported in table III, was higher in practi- 
eally all plant sections of the Low-K than High-K cultures in both series. 
The difference of the means of alpha amino-N between High-K and Low-K 
cultures, in favor of the latter cultures, was in the leaves 30.2 and 145.6 per 
eent. and in the stem 21.6 and 82.5 per cent. for the N-n and A-n series, 
respectively. 

Comparison of the above differences of alpha amino-N, in table III, to 
soluble organic-N, in table I shows that the leaf values were approximately 
the same for both; i.e., 30.2 vs. 28.3 per cent. in the N-n series and 165.0 vs. 
145.7 per cent. in the A-n series for alpha amino-N and soluble organic-N, 
respectively. However, a similar comparison of stem values shows that they 
differed more than leaf values; i.e., 21.6 vs. 49.3 per cent. in the N-n series 
and 82.4 vs. 190.0 per cent. in the A-n series for alpha amino-N and soluble 
organic-N, respectively. The findings indicate different rates of assimila- 
tion or polymerization of alpha amino-N and other fractions of soluble 
organic-N in leaves and stem. 


INORGANIC NITROGENOUS FRACTIONS 


Ammonium nitrogen, reported in tables II and III, ranged in concentra- 
tions from 0.005 to 0.019 mg. per gram of fresh tissue in the plants of both 
N-n and A-n series. Even in the A-n series the ammonium content of roots 
submerged in nutrient solutions supplied with NH, ions was as low as that 
of the terminal leaf sections of the same plants and slightly higher than that 
of similar plant sections in the N-n series. These results, supporting former 
findings (22), show that NH, ions were assimilated immediately after absorp- 
tion by the root tissues and changed into compounds of greater complexity. 
The traces of NH, ions found in all sections of plants supplied either with 
NO; or NH, ions in solution cultures should, in the opinion of the authors, 
be attributed to deaminizing processes. 

The amounts of nitrate-nitrogen, mostly present in the non-chlorophyllose 
sections of the leaves, stem, and roots of the N-n series were greater in the 
High-K than Low-K cultures. Both cultures in the A-n series completely 
lacked nitrate nitrogen, thus confirming previous findings (22) that nitrifi- 
eation in nutrient solutions is either very little or nil. Nitrate-N was from 
1.1 to 4.9 times greater in the basal sections (no. 1) of the leaves of the 
High-K than Low-K cultures in the N-n series. Similar values of the stem 
were from 2.5 to 5.7 times higher in the High-K than in the Low-K cultures. 
Such comparisons between High-K and Low-K cultures indicate that anion 
absorption (NO;) was greater from the High-K than Low-K cultures, pre- 
sumably on account of higher concentrations of cations; i.e., K ions. 


Discussion 


Different concentrations of potassium in combination with different 
sources of inorganic nitrogen in nutrient solutions modified the relative 
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amounts of the various inorganic and organic nitrogenous fractions in 
Ananas comosus. The higher concentrations of potassium increased the 
nitrate content of the tissues in the N-n series, and, in consequence, the values 
of total-N, soluble organic-N, and protein-N per plant, reported in table IJ, 
were greater in the High-K than in the Low-K cultures. The nitrogen values 
in table I, reported as milligrams per gram of tissue, are different from those 
in table II which are presented on a per plant or organ basis. However, the 
results obtained by either method yield information differentiating the total 
(table II) from the relative (table I) amounts of the various nitrogenous 
fractions in the plant. 

The rate of nitrogen absorption by roots from nutrient solutions, indi- 
eated by the total nitrogen content per plant in table II (sum of ammonium, 
nitrate, soluble organic-N, and protein-N ) for the same growth period, varied 
in the different cultures. The difference in total nitrogen values between 
High-K and Low-K cultures in the N-n series was 16.15 per cent. higher for 
the former cultures; whereas a similar difference in the A-n series, also in 
favor of the High-K cultures, was 2.6 per cent. The difference in series 
being considerably smaller in the A-n than N-n series, suggests that the 
rate of nitrogen absorption by the roots of either the High-K or Low-K 
cultures was approximately the same or slightly in favor of the former 
cultures, in spite of the larger root system of the Low-K cultures in the 
A-n series. But in the N-n series a difference many times greater than in 
the A-n series indicates that the rate of nitrate absorption by the High-K 
cultures was higher than by the Low-K cultures. Therefore, the data may 
indicate that absorption of ammonium nitrogen was not inhibited by either 
concentration of K ions in the A-n series, but in the N-n series the higher 
K-ion concentration had increased nitrate absorption. 

Protein-N as percentage of total organic-N in the N-n series was 57.1 and 
53.7 per cent. for the High-K and Low-K cultures, respectively. Similar 
values in the A-n series were 56.7 and 42.3 per cent. for the High-K and 
Low-K cultures, respectively. The difference between High-K and Low-K 
cultures being smaller in the N-n than A-n series (3.4 vs. 14.4) might indi- 
cate in the former series that the rate of nitrate absorption by roots, its 
assimilation to soluble organic-N, and conversion of the latter to protein-N 
were coordinated by the supply of K ions. But in the A-n series coordina- 
tion was lacking between the supply of K ions and ammonium absorption 
by roots and polymerization of the primary products of assimilation. The 
apparently regulatory effects of K ions on nitrate absorption by roots re- 
tarded the accumulation of much greater amounts of soluble organic-N in 
Low-K cultures in the N-n series supplied with nitrate, and thus a satisfae- 
tory ratio was maintained between soluble organic-N and protein-N. Also, 
the possible accumulation in plant tissues of NO, ions from external sources 
but not of NH, ions, except in small amounts, in cultures supplied with 
nitrate and ammonium, respectively, may influence greatly, by their relative 
degree of assimilability, the ratio of soluble organic-N to protein-N. There- 


SIDERIS AND YOUNG: POTASSIUM ON NITROGENOUS CONSTITUENTS 227 


fore, the relatively great accumulations of soluble organic-N in both High-K 
and Low-K cultures in the A-n series should be attributed to the inability 
of K ions to regulate the absorption of NH, ions by roots. Also, the much 
greater amounts of soluble organic-N than protein-N in the Low-K than 
High-K cultures in the A-n series should be attributed to the inadequacy of 
the low concentrations of K ions to promote conversion of soluble organie-N 
to protein-N. Doubtless, all reactions involved in the conversion of soluble 
organic-N to protein-N are of enzymatic nature and may require as substrata 
for protein synthesis other substances besides the various fractions in the 
soluble organic-N complex. Therefore, different K-ion concentrations may 
modify in some obscure manner the rate of enzymatic activity in the conver- 
sion of soluble organic-N to protein-N. Such interpretations of the physio- 
logical action of potassium are plausible because they are supported in part 
by the experimental data reported above. 

The theories of various investigators on the effects of K ions in protein 
synthesis are manifold and divergent. Stewart, STOUTE, and Preston (25, 
26) claim that the stable amide and amino acid fractions in dormant potato 
tubers were found to be sources of nitrogen for protein formation and that 
potassium salts appeared to increase and calcium salts to decrease their rela- 
tive utilization. Wat. (29, 30, 31) observed that in K-deficient cultures 
tomato plants made better growth when supplied with nitrate than with 
ammonium ; the latter, showing rapid breakdown of leaf tissues due to high 
internal ammonium-ion concentration, increases in amide and amino acid 
nitrogen and decreases in protein-nitrogen. Grecory (2), quoting the re- 
sults of Saip (15), SanKaRANn (16), and ScHwase (18) which indicate that 
the protein content of potassium-deficient leaves was high at first but de- 
creased later, states that protein synthesis as well as hydrolysis must be 
taking place very rapidly and that the effect of potassium deficiency is re- 
lated to amino nitrogen content because the level of this fraction determines 
the rate of proteolysis. This interpretation of GrecorRY, although suggesting 
an additional explanation for the accumulations of amino nitrogen in the 
Low-K cultures, does not conform in all respects with our experimental evi- 
dence, indicating that the protein content of the leaves of the Low-K cultures, 
in table I, was as high or higher than that of the High-K cultures, suggesting 
either very little or no proteolysis in the former cultures. 

The data in tables I and II reveal that the protein content of the stem 
was consistently higher in the High-K than in the Low-K cultures. Approxi- 
mately similar results were obtained by other investigators. WALwL’s results 
(29) show that protein nitrogen as percentage of total nitrogen in the upper 
and lower stem sections of tomato plants grown in cultures with 351, 176, 44 
or 0 p.p.m. of K were, respectively, 76.0, 60.0, 69.0 and 51.0 per cent. for the 
upper stem and 56.0, 55.0, 47.0 and 45.0 per cent. for the lower stem, showing 
a higher protein content in both stem sections of the plus potassium than 
minus potassium cultures. BURRELL’s (1) findings in soybean plants showed 
percentage protein values on the fresh weight basis in the stem as 0.233 and 
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0.167 and in the leaves as 0.125 and 0.147 for the plus-K and minus-K eul- 
tures, respectively. Harrr (6) has obtained results indicating that in Sac- 
charum officinarum L, protein-nitrogen values of the stem were higher for 
the plus-K than minus-K cultures and that amino-nitrogen values of the 
leaves were higher in the minus-K than in the plus-K cultures. The data of 
NIGHTINGALE et al. (8) show in many cases good agreement with the results 
of this study, but the differences in stem protein-nitrogen between plus-K 
and minus-K cultures are small. The findings of PHILLIps, Smiru, and 
Hewper (11) on the protein-nitrogen content of the stem of tomato plants 
are partly in disagreement with the data in this study as these investigators 
claim, ‘‘ that a moderate but definite degree of potassium deficiency had been 
reached in the plants not supplied with potassium.’’ Their data show that 
the K content of the upper-stem tissues of the K-deficient plants was from 
50 to 75 per cent. as high as that of the plus-K cultures. In WALL’s studies 
(29) where high and low protein-N in the upper stem of the tomato corre- 
lated with the plus-K and minus-K cultures, respectively, the potassium 
content of the upper stem in the minus-K plants was approximately 34.0 per 
cent. as high as that of the plus-K cultures. The difference between minus-K 
and High-K cultures of 50 or 75 per cent., in the study of Puuuuips ef ul. (11), 
and 34 per cent., in that of WAL (29), in the potassium content of the tis- 
sues, being sufficiently great, might explain the negative results of PHILLIPs. 

Unpublished data from experiments with A. comosus grown under field 
conditions and supplied with different amounts of potassium have not fully 
confirmed the findings reported in this study with respect to the relative 
amounts of starch or protein in High-K or Low-K cultures. However, the 
failure of the field-grown plants to yield data comparable to those obtained 
in nutrient solutions should be attributed to the relatively high initial potas- 
sium content of the soil which was many times higher than that supplied to 
the nutrient solutions of the Low-K cultures. The findings suggest that 
unless the initial potassium supply in the soil is very low the starch and pro- 
tein-N content of the tissues of Low-K cultures may be as high or higher than 
that of High-K cultures on account of restricted growth activity and a lower 
rate of utilization of the products of photosynthesis and assimilation by the 
former than the latter cultures. 

The above comparisons show that differences in leaf protein-nitrogen 
between plus-K and minus-K cultures, although in some cases in favor of 
the former and in others of the latter cultures, fail to correlate in all cases 
with the amounts of potassium supplied to the roots. However, they show 
that in the stem and especially in the meristematic tissues of this organ, 
protein-N was higher in the plus-K than in the minus-K cultures. The 
meristematic tissues of the peripheral and apical regions of the stem, associ- 
ated with practically all growth activities in A. comosus, contained higher 
values of protein-N, presumably of protoplasmic origin, in the High-K than 
Low-K cultures, indicating a positive correlation between high amounts of 
potassium, protein-N, and plant growth. However, in the highly differenti- 
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ated tissues of fully expanded leaves a similar correlation was lacking, or a 
negative correlation could be observed in most sections. STEwart and PREs- 
TON’s results (26) with potato dises have indicated that potassium salts 
stimulate respiration and protein synthesis from stored amino acids while 
ealcium salts depress both processes; also, that amino acids do not yield 
protein directly but are first deaminated by oxidizing enzymes releasing 
ammonia and probably a keto acid which contributes to the substrates of 
aerobic respiration. In a previous study (21), the authors suggested that 
potassium may also promote the conversion of reducing sugars to sucrose or 
starch. The details in the physiological function of potassium for pro- 
moting the conversion of soluble organic nitrogen fractions to protein nitro- 
gen are not known. However, the manifold activity of potassium suggests 
that its effects are directly concerned with the activity of the protoplasm 
which may increase or decrease, presumably by enzymatic action, the rate 
of sucrose, starch, or protein-N polymerization in certain parenchymatous or 
meristematic tissues, depending on the physiological status of the plant 
under the influence of different K-ion, NO;-ion, or NH,-ion concentrations. 

Soluble organic-N accumulations in the leaves of the Low-K cultures, 
attribu.able by GrEGoRy (2) to an increased rate of proteolysis, might have 
resulted from a lower rate of utilization. in protoplasm-forming substances 
on account of much smaller plant weights in the Low-K ‘than High-K cul- 
tures. Previous studies (25) have shown that similar accumulations may 
be found in apparently healthy tissues of plants exposed to adverse condi- 
tions. Such accumulations, resulting from translocations of soluble organice-N 
from injured or dead tissues where it was generated by enzymic hydrolysis 
of proteins, should not be confused with those in plants lacking symptoms of 
visual injury or death of tissues. In K-deficient cultures of A. comosus, 
having developed serious injury of the terminal regions of the leaves known 
as leaf tip necrosis, accumulations of scluble organic-N may result from 
hydrolysis of the proteins of the dead or injured tissues. However, as differ- 
entiation of soluble organic-N fractions, resulting either from hydrolysis of 
dead tissue proteins or from synthesis by inorganic-N assimilation, is im- 
possible, the accumulations of soluble organic nitrogen in Low-K cultures 
cannot be assigned definitely to a single source. 


Summary 


1. High-potassium: cultures (205 mg. per 1.) compared with low-potas- 
sium cultures (4 mg. per 1.), supplied with equal amounts of nitrogen either 
as nitrate or ammonium, modified the relative amounts of different nitroge- 
nous fractions in the tissues of A. comosus. 

2. Nitrate nitrogen, as indicated ky the nitrate content of the basal leaf 
and stem sections, was greater in the high-potassium than in the low-potas- 
sium cultures in the nitrate series. Ammonium nitrogen, generated possibly 
by deaminizing processes, occurred in traces in the plants of both nitrate and 
ammonium series. Ammonium absorbed from nutrient solutions was readily 
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converted to compounds of greater complexity in the roots, and it is doubtful 
that any passed from roots to stem unchanged. 

3. Soluble organic nitrogen calculated as mg. per gram of fresh weight 
was higher in the low-potassium than high-potassium cultures of the nitrate 
series. When calculated as total soluble organic nitrogen per plant, the 
values were reversed, being greater in the high-potassium than low-potassium 
eultures. In the ammonium series the values of soluble organic nitrogen, 
ealeulated by either method, were greater in low-potassium cultures. Alpha 
amino-N, a fraction of soluble organic-N, was higher in the low-potassium 
than in the high-potassium cultures of both series, but in the ammonium 
series the values were considerably higher than in the nitrate series. 

4. Protein nitrogen in the leaves, calculated as mg. per gram of tissue, 
was greater in the low-potassium than in the high-potassium cultures, but in 
the stem these values were reversed, being greater in the high-potassium than 
in the low-potassium cultures. Calculated as total protein nitrogen per 
organ or plant, the values were greater for the high-potassium than low- 
potassium cultures in both leaves and stem. 

5. The data indicate that the physiological function of potassium in the 
conversion of soluble organic nitrogen fractions to protein nitrogen in high- 
potassium cultures is more noticeable in the stem than in the highly differ- 
entiated tissues of fully expanded leaves. In the leaves protein-N was higher 
in the low-potassium than high-potassium cultures. The higher content of 
protein-N in the stems of the high-potassium than low-potassium cultures is 
attributed to the conditions in the peripheral and apical regions of the stem 
which, composed mostly of meristematic tissues and possessing potential 
growth activity, require greater quantities of proteins for the regeneration 
of protoplasm than similar tissues of the low-potassium cultures which lack 
equally great growth potentialities. 

PINEAPPLE RESEARCH INSTITUTE 


UNIVERSITY OF HAWAII 
HoNoLvLu, T. H. 
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PHYCOMYCES IN THE ASSAY OF THIAMINE IN AGAR 


DOROTHY DAY AND ANNETTE H. HERVEY1 


Introduction 

In the course of experiments conducted by Day (1), it was observed 
that an agar culture with a known quantity of thiamine produced a lesser 
dry weight of Phycomyces Blakesleeanus than was to be expected from a 
previously determined dry weight of the organism grown in liquid culture 
with the same quantity of thiamine. The purpose of this investigation was 
to find out whether or not the use of heat in removing and washing the 
mycelium grown on the agar media was responsible for this difference in 
dry weight. The inhibiting effect of agar on the growth of Phycomyces 
also was investigated. 


Materials and methods 


Phycomyces Blakesleeanus was grown at 25° C. under the conditions 
used by Day (1). The basal solution contained per liter of distilled water: 
15 gm. KH,PO,, 0.5 gm. MgSO,:7H.0, 50.0 gm. dextrose, 2.0 gm. aspara- 
gine, and mineral supplements in p.p.m. as follows: B, 0.005; Cu, 0.02; Fe, 
0.10; Mn, 0.01; Mo, 0.01; and Zn, 0.09. Purified Bacto agar and thiamine 
were added to this basal solution in various proportions and combinations. 
In each experiment, the mycelium was dried for 24 hours at 100° C. after 
its removal from the medium by two or more of the following methods with 
four or eight flasks for each method. 1) Cultures to which hot, distilled 
water was added were heated until the agar melted. The mycelial mats 
taken from four similar flasks were washed in two successive beakers of hot 
(95°—100° C.) distilled water before being placed in an aluminum pan 
to dry. 2) The flasks were not heated, and cold, distilled water (room 
temperature) was used throughout. 3) After the addition of cold water 
to the cultures, the entire contents of four similar flasks were emptied into 
a Gooch crucible containing a piece of fine cheesecloth as a filter, and one 
liter of cold water was flooded through the mycelium. 4) A similar crucible 
with suction was employed, but hot water was used throughout. 


Results 
Dry WEIGHT OF MYCELIUM GROWN IN AGAR MEDIA 


The mycelium of Phycomyces grown in agar, taken from a flask, and 
washed in cold water felt slimy before drying; with 1.0 per cent. agar, 
obvious lumps still adhered to the mycelium. It was impossible to remove 
all mycelium from the semi-solid agar, as was shown by bits of mycelium 
floating in the flask when the contents were heated after the mycelium had 
supposedly been removed. The mycelium filtered and washed with cold 


1 The experimental part of this research was completed at Smith College while both 
authors were members of the Department of Botany. 
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water as described in 3 above felt slimy but was less so than that treated 
by method 2, indicating more successful separation of mycelium from the 
medium. With hot water, the mycelium did not feel slimy, and the agar 
appeared to be completely removed by washing in beaker or crucible. 

The dry weight of the mycelium grown in agar and washed with cold 
water was greater than the comparable dry weight of similar mycelium 
washed with hot water; this relationship was consistent for both pans and 
crucibles in every experiment regardless of the amount of thiamine added 
to the culture (table I). The difference was greatest for pan-dried mycelium 


TABLE I 


DRY WEIGHTS OF MYCELIUM OF Phycomyces Blakesleeanus WASHED WITH HOT OR COLD 
WATER AND DRIED IN PANS OR CRUCIBLES 























WASHED IN COLD WATER WASHED [IN HOT WATER 
THIAMINE 
IN 0.1 0.2 0.5 0.1 0.2 | 0.5 1.0 

my MOLES | | | 

cies og MYCELIUM TAKEN FROM FLASK AND WASHED IN PANS* 
a: 16.1 33.8 | 70.9 | 14.5 | 26.9 | 55.9 96.4 

(liquid) | 
 eggeiteeieiae 17.0 31.0 | 783 | 126 | 24.3 58.8 | 10632 
ee: 32.2 me | Oi | #134 | 245 56.5 | 1103 
RES OF eee Fins 11.8 | 21.6 53.0 | 108.2 
RSS Baad ee 10.7 18.2 496 | 99.9 
oe | ie | 105 | Wi | @e | MS 

MYCELIUM FILTERED AND DRIED IN CRUCIBLES* 

aaa eS ttea i 18.2 30.7 65.2 | 15.3 | 29.4 | 57.2 | 

(liquid) : 

| ae 20.0 38.9 82.7 | 142 | 263 54.3 | 

| | | 











* Dry weight is recorded in mg. per culture; each figure represents the average of 
from 8 to 32 cultures. 
from 1.0 per cent. agar, where the mycelium washed in cold water was 49 
to 159 per cent. heavier than comparable mycelium washed in hot water 
(table I). Therefore, it appeared that myceiium grown on agar and washed 
with cold water had a higher dry weight than did that washed with hot 
water, apparently because the unremoved agar in addition to the mycelium 
gave a higher dry weight than the mycelium alone would have given. 


DRY WEIGHT OF MYCELIUM GROWN IN LIQUID MEDIA 


The dry weight of the mycelium washed in cold water was 4 to 27 per 
cent. greater than similar mycelium washed with hot water (table 1). Thus 
it appeared that washing in hot water lowered the resulting dry weight of 
the mycelium, probably by dissolving soluble substances out of it. The same 
effect may be assumed when hot water was used to wash similar mycelium 
grown in agar. 
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EFFECT OF CONCENTRATION OF AGAR ON PHYCOMYCES 


Dry weights of mycelium grown with 0.1 my mole and with 0.2 mu mole 
thiamine in two series of cultures containing from 0.0 to 1.0 per cent. agar 
by 0.2 per cent. steps showed that these amounts of agar had no effect on 
the growth of the organism. In subsequent experiments with thiamine 
ranging from 0.1 my mole to 1.0 my mole, the dry weight of mycelium 
grown in the liquid medium was from 13 per cent. less to 17 per cent. more 
than the dry weight of mycelium grown with 1.0 per cent. agar (table I). 
Tests with larger proportions of agar and various amounts of thiamine did 
not show a perfectly consistent relationship between the amount of agar and 
the resultmg dry weight of the mycelium, but more agar was generally ac- 
companied by less growth of mycelium. 


Discussion 


It is clear from these results that the use of cold water in washing Phy- 
comyces mycelium which had grown in an agar medium did not result in 
the complete removal of the agar. Sufficient agar remained to affect mate- 
rially the dry weight of the mycelium. Although the use of hot water in 
washing ta, ycelium grown in the agar medium resulted in the successful 
removal of t.1e agar, enough soluble material was leached from the hyphae 
during the washings to influence the dry weight. While these results were 
to be expected, it was not possible to estimate the amount of the effects with- 
out the actual determinations. The differences found are sufficiently great 
to be significant if Phycomyces is used for the quantitative determination 
of thiamine. 

The reduction in growth demonstrated with the higher concentrations of 
agar may have been caused by the physical resistance of the agar to the 
growth of the organism, the lessened availability of water, thiamine, or other 
components of the medium, or the presence of some unknown toxic factor 
in agar. 


Summary 


Phycomyces Blakesleeanus was grown in a basal medium of di8tilled 
water, minerals, dextrose, and asparagine plus purified agar and thiamine 
in various proportions and combinations. The mycelium was harvested by 
the use of hot and cold water in methods which included the use of aluminum 
pans and Gooch crucibles. 

With the basal liquid medium the dry weight of mycelium washed with 
cold water was higher than that washed with hot water, probably because 
of the action of hot water on the mycelium in dissolving substances from it. 

The higher dry weight of mycelium grown on agar and washed with cold 
water as contrasted with that washed with hot water might be explained not 
only by this action of hot water but also by the incomplete separation of the 
agar and the mycelium with cold water. 
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1 Reduced growth of Phycomyces was generally correlated with an jp. 

i, creased amount of agar. 

) . . . + aad 

+ Grateful appreciation is expressed to W. J. Rossrns for critical reading 
of the manuscript. 
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LEAFSPOT OF PEANUT ASSOCIATED WITH MAGNESIUM 
DEFICIENCY 


ROGER W. BLEDSOE, HENRY C. HARRIS. AND 
W. B. TISDALE 


(WITH TWO FIGURES) 


It is generally recognized that the susceptibility and prevalence of many 
plant diseases are associated with plant nutrition. The peanut plant is sus- 
ceptible to leafspot infection which becomes economically important during 
the last half of its growth period when the crop is planted in the spring. 
The severity and rapid spread of infection in the field may not be due to the 
mere presence of the organism, which is ubiquitous, but to the susceptibility 
of plants suffering from improper nutrition in certain stages of their growth. 
Results herein reported of a nutritional study with the Dixie Runner variety 
of peanut support this assumption. 

The experimental peanut plants were grown in sand culture with the 
roots of each plant in a single gallon glass jug which completely isolated the 
roots from the fruiting or pegging zone of the plant (fig. 1). The nutrients 
were applied to the rooting medium by the continuous flow method of SHIve 
and Staut (6), while the nutrients on the pegging zone were applied on the 
surface and by feeding through the base of the box. For 75 days after 
germination the rooting and fruiting zones of all cultures were supplied 
Hoaguann’s (4) no. 1 complete nutrient solution modified by reducing the 
concentration of the macronutrients by half and the micronutrients to one- 
tenth. Ferrous iron was added as needed. At the end of that period the 
following nutrient treatments were begun on the rooting medium : complete, 
minus phosphorus, minus potassium, minus caleium, minus magnesium, 
minus sulphur, and minus micronutrient elements. The complete nutrient 
solution was applied to the fruiting medium throughout the experiment. 

There were three replicates of single plants to each treatment and the 
roots of each culture received 1.5 liters of nutrient solution daily; the peg- 
ging region received'3.5 liters of solution weekly. Plants were grown 21 
days in the greenhouse after germination and then because of high tempera- 
ture were moved outside under a frame covered with one thickness of cheese- 
cloth. This report will deal only with the results obtained with the mag- 
nesium-deficient cultures, since these plants were the only ones that devel- 
oped the leafspot disease to any appreciable extent under the conditions of 
this experiment. 

The leaves of the minus-magnesium plants showed interveinal chlorotic 
centers with green margins 24 days after magnesium was withheld from the 
roots. However, the effect appeared initially on the first leaf below the 


growing tip of the oldest branches. This is in contrast to the typical mag-_ 


nesium deficiency on other plants which usually occurs first on the basal 


237 

















y . eke on bie 
mete. ortega 
a vd = 


238 PLANT PHYSIOLOGY 


leaves. At the end of 35 days the deficiency symptom was apparent on the 
young leaves of all branches including the main shoot and had progressed 
four to five leaves below the growing tips of the oldest branches. The 
chlorosis of the affected leaves became more severe with advancing age. 

On July 28, when plants were 103 days old, and magnesium had been 
withheld for 28 days, leafspot was observed on those leaves which first 
showed symptoms of the nutritional disturbance. A fungus (Mycosphaerella 
arachidicola W. A. Jenk.) was isolated from the spots. The progress of the 
disease followed the same order of development as that of the deficiency 
symptom, affecting first the young leaves of the oldest branches and then 












































Fig. 1. Diagrammatic view of peanut plant showing: A, fruiting medium; B, root- 
ing medium ; and C, string mesh to prevent contact and rooting of branches in the sand. 


proceeding to the young growth of all branches. Leafspot on plants in the 
field usually attacks the basal leaves first and advances progressively toward 
the tips of branches. 

Leafspot counts were made to determine the incidence of disease on the 
plants of the minus-magnesium and complete-nutrient solutions on August 
10, when plants were 116 days old and magnesium had been withheld for 
41 days (table I). The counts were made on the terminal and basal leaves 
of the same branch, and the disease was highly correlated with the area of 
the deficiency symptom (fig. 2). 

Magnesium determination by the LivpNer (5) method was made of 
basal, central, and terminal leaves from branches of the same physiological 
age (table II). The leaf material for analysis was collected at the time the 
leafspots were counted. 

The chemical analyses showed a decrease in magnesium concentration 
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TABLE I 


INCIDENCE OF LEAFSPOT ON PEANUT PLANTS GROWN IN COMPLETE NUTRIENT SOLUTION 
AND A SOLUTION WITH MAGNESIUM WITHHELD FoR 41 DAYS 
(AGE OF PLANTS, 116 Days) 














a * o NUMBER OF LEAPSPOTS 

No. OF NO. OF No. or 

EATMENT 

Tr PLANTS | BRANCHES | LEAFLETS | TERMINAL] BASAL 
LEAFLETS | LEAFLETS 

Complete nutrient solution. ..... 3 | 15 180 6 15 

Minus magnesium. ..................... 3 15 204 +| 3502 30 








from the basal to the terminal leaves, and spectrographic analyses substan- 
tiated those results. 

No precaution was taken to prevent spread of the leafspot. Moreover, 
daily flower counts were made on all cultures when the foliage was wet from 
dew or rain and close spacing of plants caused branches from other cultures 
to overlap those of the magnesium-deficient plants. The prevalence of leaf- 
spot on plants grown on a deficiency of the elements other than magnesium 
was no greater than that of the controls even though the given deficiency 
was severe, and the plants were much weakened. 

The plants which had magnesium withheld from the roots had many 
fruit developing in the fruiting medium which contained magnesium. BURK- 
HART and Couns (2) have shown that the growing peanut fruit is capable 
of absorbing minerals. They further state that gypsum applications con- 
dition the peanut plant in such a manner that the foliage becomes very sus- 
ceptible to leafspot injury. 

CHapMANn (3) states that prolonged magnesium deficiency of citrus 





Fie. 2, Branch from peanut plant showing prevalence of leafspot on chlorotic leaf- 
lets on August 10, after withholding magnesium from the rooting medium for 41 days. 
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TABLE II 


MAGNESIUM IN PER CENT. OF DRY WEIGHT OF PEANUT LEAVES FROM DIFFERENT 
POSITIONS ON PLANTS GROWN IN MAGNESIUM-DEFICIENT AND 
COMPLETE-NUTRIENT SOLUTIONS 





amen 




















POSITION OF LEAVES MINUS MAGNESIUM COMPLETE 
ON BRANCH 
% % 
Terminal 0.012 0.307 
Central 0.022 0.317 
Basal 0.082 | 0.401 
| 








grown in solution culture brings on typical iron chlorosis in the leaves. 
Bennetr (1) suggests that the availability of iron might be influenced by 
other factors. Liberal amounts of ferrous iron were supplied to the rooting 
and fruiting mediums of the minus magnesium peanut plants in this experi- 
ment. Furthermore, there was no response to iron or other micronutrients 
when solutions were streaked or spread on the surface of the chlorotic leaf- 
lets. While the nutrient disturbance was associated with magnesium defi- 
ciency, it is entirely possible that it was caused by an interaction of ions. 

Visual symptoms of magnesium deficiency of field-grown peanuts have 
not been observed. However, that does not preclude the possibility that 
leafspot is induced by a deranged metabolism resulting from magnesium 
deficiency. In this study it appears that the low level of magnesium was 
either directly or indirectly responsible for the susceptibility of peanut to 
leafspot. The exact nature of the nutrient disturbance, as well as whether 
or not the severity of leafspot can be reduced by higher levels of magnesium 
in the plant, must await further experimentation. 


The authors wish to thank Mr. THomas C. Erwin of the Department of 
Soils for the spectrographie analyses. 
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NOTES 


The St. Louis Meeting.—The American Society of Plant Physiologists 
held its twentieth annual meeting at Saint Louis, Missouri, on Mareh 28- 
30. The Statler Hotel was the official headquarters and the majority of the 
meetings were held there. Most of the papers were presented in a series of 
two parallel sessions jointly held with the Physiological Section of the Bo- 
tanical Society of America. In addition, a joint session was held with 
Section G, Botanical Society of America, American Phytopathologieal 
Society, Mycological Society of America, and the Sullivant Moss Society on 
Thursday afternoon and a second joint session was held with Seetion O, 
the American Society for Horticultural Science on Friday afternoon. Both 
sections of the physiological program were well attended. 

The banquet was held in the Mark Twain Hotel on Friday evening, with 
President Paul J. Kramer presiding. Despite conflicts with dinners of other 
societies, the number attending the dinner for plant physiologists was 
greater than in pre-war years. Since no meeting had been held in 1945, 
two presidential addresses were given. Dr. B. S. Meyer, president of the 
society during 1943-44, presented a paper entitled ‘‘The Case for Greater 
Cooperation Among Plant Science Societies’. Dr. H. A. Spoehr, the retir- 
ing president for 1944-45, spoke on ‘‘The Coming of Age of the American 
Society of Plant Physiologists’’. The Charles Reid Barnes Life Member- 
ship Award was made to Dr. D. R. Hoagland. 

The Executive Committee held two meetings. The committee authorized 
publication of a new directory of members in the fall of 1946. The president 
was empowered to appoint two new committees, one on industrial relations 
and the second on the professional status of plant physiologists. Dr. R. 
Bouillenne of the Liege Botanical Institute, Belgium, was elected as a eor- 
responding member. Storage of the archives of the Society at Miami Uni- 
versity, Oxford, Ohio, was authorized. The Executive Committee approved 
action by the Society on the following constitutional changes, namely: that 
Article VIII, paragraph 2, sentence 2 be changed to read: ‘‘In case of a tie 
for fourth place, the secretary shall place the additional name or names on 
the ballot’’; Article VIII, paragraph 4, be changed to read ; ‘‘If two or more 
persons shall receive an equal number of votes for any office, the names of 
these persons shall receive an equal number of votes for any office, the 
names of these persons shall be resubmitted to the society’’; Section 10 was 
amended to increase the Charles Reid Barnes Fund to $4000. 

The annual business meeting was held on Thursday afternoon. After 
acceptance of the officers’ and committees’ reports, it was voted by the 
attending members that the editor-in-chief be authorized to publish dates 
of receipt and final acceptance of papers published in Plant Physiology. 

The report of the Executive-Secretary Treasurer indicated that the 
Society is in a sound financial condition. With total endownments of 
$12,000, savings of $5000, and cash on hand to the amount of $8500, the 
Society should be able to carry on the usual activities even with rising eosts 
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on all printing. The total membership is now 630 with subscriptions 
amounting to 575 in addition. An appeal is made for new members and 
subscriptions. The volume of printing reduces the cost of each succeeding 
copy, thus increasing the financial and professional strength of the society 
proportionately. Foreign memberships and subscriptions are rising slowly 
but steadily. Reserves of the journal make it possible to supply all missing 
back numbers. 


The Charles Reid Barnes Award.—Professor Dennis Robert Hoagland 
of the University of California was awarded the Charles Reid Barnes Life 
Membership. Professor Hoagland was born in Golden, Colorado, on April 
2, 1884. Upon graduation from Stanford University in 1907, he went to 
the University of California as instructor in Agricultural chemistry. Three 
years later he became chemist of the U. S. Department of Agriculture. 
After obtaining an advanced degree from the University of Wisconsin, he 
returned in 1913 to the University of California, where he has held pro- 
fessorships in agricultural chemistry and plant nutrition, and has been 
head of the division of plant nutrition since 1921. 

Professor Hoagland soon became a leader in the field of the mineral 
nutrition of plants, and for the past thirty years his laboratory has con- 
tinuously maintained its position among the foremost in the world. He has 
conducted a series of brilliant investigations on the nature of the soil solu- 
tion, climatic influences on salt absorption, the accumulation of salts by 
plant cells, the dependence of accumulation upon metabolism, the role of 
the microtrophic elements, and the tracing of absorption and movement of 
salts by means of radio-active isotopes. Professor Hoagland is author of 
many scientific articles and of the recently published book entitled ‘‘Lee- 
tures on the Inorganie Nutrition of Plants.’’ 

Through his marked achievements in science, Professor Hoagland has 
earned many well deserved honors. He is a member of the National 
Academy of Sciences, and has served as president of the American Society 
of Plant Physiologists, of the Western Society of Soil Seience, of the 
Western Society of Naturalists, and of the Pacific Division of the American 
Association for the Advancement of Science. He was the recipient of the 
first Stephen Hales Prize Award of the American Society of Plant Physi- 
ologists in 1929, and was joint recipient of the American Association Prize 
in 1940. 

Professor Dennis Robert Hoagland, past-president of our Society, has 
been selected as the recipient this year of the Charles Reid Barnes Life 
Membership, in recognition of his researches on the mineral nutrition of 
plants. In behalf of the American Society of Plant Physiologists, the eom- 
mittee expresses its appreciation of Professor Hoagland’s outstanding eon- 
tributions to the plant sciences, and it extends to him best wishes for eon- 
tinued success in his field of scientific investigation. 


The New England Section.—The New England Section of the American 
Society of Plant Physiologists will resume its schedule of annual meetings 
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May 17-18 at Harvard University, Cambridge, Massachusetts. Dr. Kenneth 
V. Thimann, Harvard University, is Chairman and Dr. Linus H. Jones, 
Massachusetts State College, is Secretary. The meeting, which will be held 
in the Harvard Biological Laboratories beginning on Friday afternoon, 
is open to all interested in the subject of plant physiology. 


E. C. Miller.—The American Society of Plant Physiologists conveys its 
felicitations to Dr. MiLLEr, on the occasion of his retirement after 35 years 
of active service in teaching and research. In recognition of his distin- 
guished career as a scientist, the society presents a brief biographical record 
of Dr. Minuer and his professional work. 

Dr. Epwin Cyrus Minter was born December 16, 1878, in a log cabin on 
a farm near Baltimore, Ohio. He received the B.S. degree in 1904 and the 
A.B. degree in 1906 from the old National Normal University at Lebanon, 
Ohio. Then followed an A.B. and the Ph.D. from Yale University in 1907 
and 1910, respectively. 

In the fall of 1910, Dr. MititER came to Kansas State College, where he 
was successively Instructor, Assistant Professor, Associate Professor, and, 
since 1919, Professor of Plant Physiology. He became a member of the 
Kansas Agricultural Experiment Station Staff in 1911 and has been Plant 
Physiologist of that Station since 1919. Dr. Mimuer served two years as 
acting head of the Department of Botany and Plant Pathology. 

Dr. MILLER continued to be active in the teaching of plant science at 
Kansas State College throughout his career, lecturing to students in the 
introductory course of plant science until two years before retirement and 
in the specialized courses in Plant Physiology until one year before retire- 
ment. One of his outstanding contributions to the teaching of plant science 
at Kansas State was his use of plants having economic value, plants for the 
most part known by the student, to illustrate his lectures and writings. He 
maintained an interest in the welfare of students and they were welcome 
to his counsel at all times. This interest in students was further manifested 
by the conscientious manner in which he carried out his assignment as a 
member of the College Committee dealing with failing students, an assign- 
ment which he held the last 15 of his 35 years at Kansas State College. His 
book, ‘‘Plant Physiology,’’ which appeared in 1931 and the revised edition 
in 1938 has provided an outstanding text with extensive bibliographies for 
advanced classes, the graduate student, and the research worker. 

Dr. MILLER’s research has had to do largely with the water relations and 
chemistry of plant life. His Ph.D. problem was a basic study of the changes 
and processes involved in the germination of a fatty seed (that of Helianthus 
annuus) which Dr. WmitaAM Crocker said in a review in the Botanical 
Gazette showed ‘‘both chemical and biological excellence.’’ His first work 
at Kansas State College was the completing of two studies initiated during 
the progress of his doctorial problem at Yale. One had to do with the 
changes in the oily reserve of this seed at different stages in the development 
of the seedling, and the other with the origin of chloroplasts in its cotyledons. 
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Dr. MiLuer’s first studies as a member of the Experiment Station staff were 
conducted at the Garden City Branch Station, and were concerned with the 
root systems of crop plants. They were technical studies with practical 
applications. They included a comparative study of the extent of root 
systems and leaf areas of corn and the sorghums, the relative water require- 
ments of these plants, the daily variation of water and dry matter in their 
leaves, and their relative transpiration. These studies showed that the 
sorghum root system was better adapted to get water from the soil and 
while the sorghums lose more water per unit area of leaf surface, their total 
leaf surface was less than that of corn; thus is explained the observation 
of the farmer that sorghums withstand drought better than does corn. Then 
followed a study on the daily variation of the carbohydrates in the leaves 
of corn and the sorghums, and three studies in which Dr. Mimter shared 
authorship : one having to do with the temperatures of leaves of crop plants; 
the second with the transpirational loss and water requirement of certain 
weeds and crop plants of Kansas; and the third, which has been widely cited, 
with the elemental composition of the corn plant. Dr. MILuER’s later station 
work was concerned with wheat of which his technical work on, ‘‘A Physio- 
logical Study of the Winter Wheat Plant at Different Stages of Its Develop- 
ment’’ was the most extensive. Two studies in which Dr. MILLER was joint 
author were concerned with the relation of leaf rust infection to (a) yield, 
growth, and water economy and (») diurnal transpiration in wheat. Three 
later studies on wheat conducted jointly with graduate students were con- 
cerned with (a) the influence of awns upon the rate of transpiration, (b) a 
consideration of the morphological nature and physiological functions of 
the awn, and (c) the effect of defoliation on the functions of winter wheat. 
Dr. MILLER was author or co-author of 24 technical publications. 

Dr. Minter served as President of the American Society of Plant Physi- 
ologists and as a member of the Editorial Board of that society. He is a 
member of Sigma Xi, Phi Beta Kappa, Phi Kappa Phi, A.A.A.S. (Fellow), 
Alpha Zeta, Gamma Signa Delta, and Farm House Fraternity. 

Dr. Miter has several hobbies from which he has derived diversion 
from scientific endeavors. One is a survey of the life and work of ABRAHAM 
LIncoLn which has resulted in a manuscript for a book entitled, ‘‘The Rise 
of Abraham Lincoln,” a factual study of the life of this great American as 
seen through the eyes of a scientist. The second is a consideration of the 
importance of the corn plant in the life of man which has also resulted in 
a manuseript of book length. Both manuscripts are now being considered 
for publication. One of Dr. Mmier’s chief hobbies, aside from writing, was 
playing golf. His golf game, which he played for the fellowship involved 
rather than proficiency at the game, was well described in his droll state- 
ment, ‘‘T play brilliantly at times.’’ 

To know Dr. Miter intimately is to appreciate his many virtues which 
include straight-forwardness, a sense of fair play, a love of humor, friend- 
liness, and high integrity. With the title Professor Emeritus of Plant Physi- 





NOTES 245 


ology, Dr. MILLER has retired to the farm on which he was born and which 
he now owns. Through his book on Plant Physiology he will continue to 
serve plant physiologists throughout the world. Almost one-fourth of the 
6,000 copies sold to date (1945) have gone to students and libraries in 
foreign countries. 


National Research Council Representative—Proressor B. S. MEYER 
of Ohio State University has been appointed representative of the American 
Society of Plant Physiologists on the National Research Council. 


Editorial Board of Plant Physiology.—Dr. F. P. Cunuoan of the 
Bureau of Plant Industry of the U. 8. Department of Agriculture, Beltsville, 
Maryland, has been elected to a three year term on the Editorial Board of 
Plant Physiology by the Executive Committee of the American Society of 
Plant Physiologists. 


Biological Field Stations of the World.—Homer A. Jack. No. 1, Vol. 
9, of Chronica Botanica. Chronica Botanica Co., Waltham, Massachusetts, 
and G. E. Stechert and Co., New York City. 73 pages. $2.50. 

A valuable addition to the Chronica Botanica collection, this booklet 
represents not only a coordination of the subject material existing in the 
literature, but also first-hand information on 79 biological stations in 18 
countries which were visited by the author. 

After a brief historical account of the location, administration, and fune- 
tions of the various biological stations, they are generally described and 
compared. The second part of the book is organized as a directory of the 
Biological Stations arranged conveniently by countries. As much direct 
information as possible is included with each station, no matter how obscure ; 
but of necessity, the descriptive accounts are corrected to 1940—before 
World War II became wide-spread. Several wood-cuts of biological stations 
are included. 


Organic Preparations.—Conrap WeryGanp. Interscience Publishers, 
Ine., 215 Fourth Avenue, New York 3, N. Y. 534 pages. $6.00. 

Available for the first time is this capable translation of Part II ‘‘Reak- 
tionin’’ of WEYGAND’s Organisch-chemische Experimentierkunst, published 
in Leipsig in 1938. Since all organic reactions consist of the breaking of 
existing bonds or the formation of new ones, the author has advantageously 
organized the chapters so that each is the discussion of the formation or 
cleavage of such bonds. The book advances from the simpler linkages to 
the more complex, and chapters are subdivided into the various reactions. 
A theoretical discussion under each heading precedes the laboratory instrue- 
tions so that essentially the book combines the best features of a text and a 
laboratory manual for organic preparations. 

The standard methods for preparations are footnoted extensively with 
references from the chemical literature. An extensive subject index is in- 
eluded in this fine, modern book. 
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